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FOREWORD

This final report on the Space Tug Systems Study (Cryogenic) was pre-

pared by General Dynamics, Convair Aerospace Division for the National

Aeronautics and Space Administration's George C. Marshall Space Flight

Center and the United States Air Force Space and Missile Systems Organi-

zation (SAMSO) in accordance with Contract NAS8-29676. The study was

conducted under the direction of NASA Study Manager, Mr. Thomas W.

Barrett. The SAMSO Study Monitor was Captain Robert Probst. The

Aerospace Corporation Study Monitor was Mr. Allen Goldstein. The

General Dynamics Study Managers were Mr. Carl F. Peters and

Mr. Christopher J. Cohan.

The study was conducted during the period from March 1973 to December

1973.
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SUMMARY

The Space Transportation System includes an upper stage that is carried

into low earth orbit by the Space Shuttle. The purpose of this upper

stage is to provide for missions beyond the capability of the Shuttle. This

study, which was directed at new cryogenic upper stages (rugs), was one

of a number of concurrent government-sponsored studies covering all

upper stage concepts. The overall objective of this study was to prepare

a credible data base from which various Space Tug configuration/program

options could be established. Included as part of this overall objective

was the identification and definition of Tug configuration/program options

for two basic development approaches. These approaches are direct de-

velopment of the Tug and phased development in which the Tug evolves to

some final capability.

The study was accomplished in a systematic manner starting with mission/

payload requirements. These requirements were analyzed and converted

into vehicle and subsystem requirements. Candidate subsystems were

then analyzed to determine their characteristics and ability to meet the re-

quirements. The resulting information was assembled into a catalog of

subsystem data. Criteria such as performance and cost were used to se-

lect subsystems from the various candidates for incorporation into

configuration/programs.

The third major study task was a configuration analyses task. The purpose

of this task was to define, compare, and evaluate configuration concepts

that met the requirements of government-specified capability options.

There were seven capability options with the major variables being per-

formance capability, development approach (phased or direct), and IOC

date. More than 70 configuration/program concepts were defined. Con-

figuration variables included structural concept, structural materials,

main engine, ACPS, and avionics system. The candidate concepts within

each capability option were compared on the basis of cost, performance,

operational complextty, and other criteria and a recommended configu-

ration was selected for each capability option at a concept evaluation and

selection meeting.

The government reviewed the recommendations and selected three pro-

grams for more detailed analyses in the program definition task.
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The major requirements for Program 1 were that it be a minimum development cost,

direct developed Tug having 3500 lb (1588 kg) synchronous deploy payload capability and

be available in late 1979. The configuration selected to meet these requirements uses

conventional aluminum structure and an existing engine, i.e., RL-10 Cat I. To mini-

mize costs maximum use was made of Centaur components such as astrionics and main

engine support components. The resulting configuration has a payload of 5111 lb (2318

kg) and a development cost of $193M.

The major requirements for Program 2 were that it be a total program cost effective,

direct developed Tug having 3500 lb (1588 kg) synchronous retrieval payload capability

and be available in late 1983. The increased performance was obtained by using an

RL-10 Cat IIB engine, a composite sandwich body structural shell, and more advanc_i

astrionics. The resulting configuration has a retrieval payload capability of 4982

lb (2260 kg) and a development cost of $291M. The average Tug cost per flight in the

the resuable mode is $0.8M and the average cost per payload including Shuttle launch

costs is $6.3M. This value is less than the Shuttle launch cost due to the significant

multiple payload capability.

Program 3 is a phased program in which the emphasis was on minimum development

cost for the initial vehicle and low total program cost for the final vehicle. The initial

vehicle must have 3500 lb (1588 kg) synchronous deploy capability and be available in

late 1979. The final vehicle must have 2200 lb (998 kg) synchronous retrieval capa-

bility and be available in late 1983. The initial configuration uses a conventional struc-

ture and the RL-10 Cat I engine like Program 1. It differs from Program 1 in that it

is sized for the final retrieval mission, has a more advanced astrionics system and a

higher performance insulation system. The major configuration phasing to the final

configuration is from a low cost astrionics system to an advanced lightweight system

with rendezvous and docking capability. The initial vehicle has a development cost of

$215M. The final vehicle has a retrieval payload of 2704 lb (1227 kg) and an incremental

development cost of $48M.

Supporting research and technology areas have been identified that should be pursued to

enhance the eventual Tug development effort in terms of risk and data available for

decision making. In addition to these technology efforts it is recommended that the

Tug/Shuttle interface area be studied in time to impact the Shuttle development, which

is currently underway. Other recommended areas of study are mission/payload re-

quirements and payload transition.

The study has shown that cryogenic Tugs can be made safe and that high performance

is inherent with cryogenic Tugs, using engines based on present day technology (i. e.,

RL-10 Category I engine). This inherent high performance produces a number of

benefits. There are no performance-related requirements that drive towards advanced

state-of-the-art subsystems. The high performance afforded by the engine allows the

use of other existing technology subsystems, and also allows the implementation of

xviii



redundancy without dropping the performance below the desired level. The high per-

formance also yields siguificant multiple payload capability and provide a performance

margin for both the Tug and the Shuttle.

The study results will support future Tug activities in two ways. The subsystem data

and initial program definitic_ data will be quite significant in supporting future Tug de-

sign efforts since they provide good subsystem descriptions and also show the effects

of incorporating these subsystems into configurations/programs. These data can be

used as a basis for generating new Tug conflguratic_m to satisfy new requirements that

may arise. The three detailed program definitions provide baseline systems/programs

that can be used in support of other activities such as interface studies and supporting

research and technology.

xLx



SECTION 1

INTRODUC TION

The Space Transportation System (STS) includes an upper stage that is carried into low

earth orbit by the Space Shuttle. The primary function of this upper stage or Tug is to

extend the ST S operating regime beyond the Shuttle capabilities including plane changes,

higher orbits, geosynchronous orbits, and planetary flight injections. A Tug is re-

quired at Shuttle initial operational capability (IOC} to provide the maximum benefits

of the STS.

Space Tug concepts have been extensively studied since the initiation of the STS in 1969.

Until this Space Tug Systems Study (STSS) the concepts considered had been either

high capability, all new systems, or existing expendable stages modified for use with

the Shuttle. The IOC dates were always coincident with the Shuttle, i.e., late 1979.

With funding limitations preventing the simultaneous development of both the Shuttle and

the full capability Tug the Space Tug Systems Studies were initiated to investigate two

alternative approaches:

a. A phased Tug development program in which a low development cost, reusable

reduced capability Tug is available at or about Shuttle IOC, which then is evolved

to a greater capability Tugat a later date.

b. The direct development of the full capability TUg but with IOC delayed between

two and four years after Shuttle IOC.

The sTSS conducted by General Dynamics Convair Aerospace Division and described

in this document was directed at cryogenic propellant Tugs that met the requirement

of these two approaches.

1.1 OBJECTIVES

The initial overall objective of this study was to prepare a credible data base from

which various Space Tug configuration/program options could be established. In-

cluded as part of this overall objective was the identification and definition of Tug

configuration/program options for the two basic development approaches being con-

sidered.

It was Jointly sponsored NASA/DOD Phase A study consisting of engineering and

planning analyses conducted over a nine-month period. This study was one of a

number of government sponsored systems studies covering all Tug concepts including
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current expendables and growth stages. All of these studies were directed at providing

the necessary data to support a government assessment of Tug concepts scheduled for

December 1973.

The study had five major tasks:

TASK 1

TASK 2

TASK 3

TASK 4

-- MISSION REQUIREMENTS/OBJECTIVES

-- SUBSYSTEM ANALYSIS

-- CONFIGURATION & SUPPORT SYSTEMS

-- PROGRAMMATICS & COSTING

TASK 5 -- PROGRAM DEFINITION

With the exception of Task 4, which was a continual supporting task, the other fourtasks

generally corresponded with consecutive study phases each of which concluded with a

government review as shown in Figure 1-1. These tasks had the following objectives:

Task 1 -- The basic objective of this task was to translate mission and payload

requirements and objectives into system/subsystem requirements.

Task 2 -- The objective of the subsystem analysis task was to define the candi-

date subsystems with capabilities necessary to meet the mission and

payload requirements.

Task 3 -- The objective of this task was to generate and compare configurations

and support systems options for both interim Tugs and direct developed

Tugs.

Task 4 -- The objective of this task was to provide the programmatic and cost

data to support the objectives of the other tasks.

Task 5 -- The objective of Task 5 was to prepare detailed program definitions

of the configurations/programs selected at the concept evaluation and

selection meeting.

1.2 STUDY PLAN

The Convair Aerospace Division plan for accomplishing this study is presented in

Reference 1. The study logic for implementing these tasks and accomplishing the

objectives is shown in Figure 1-2. The five major tasks are organized vertically.

Program review meetings are listed chronologically across the chart. Major tasks

are divided into subtasks to better define the flow of logic as the study progresses.

The study itself was divided into major phases corresponding to major program review

milestones. Study effort was sequentially focused on four of the five major tasks as the

study progressed, with Task 4, Supporting Programmatic and Costing Analysis, sup-

porting the other tasks throughout the study.
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TASKS

MISSI0 N REQUI REMENTS/
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CONFIGURATION &
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PROGRAM DEFINITION

MONTHS FROM GO AHEAD

I

I,, ]

I, l_

.....i 9 I,°],,

EXTENDED ONE MO.
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ORIENTATION FIRST PROGRAM
MEETING REVIEW CONCEPT

REQUIREMENTS EVALUATION

ASSESSMENT & SELECTION
MEETING

zx
DATA FINAL
DUMP REPORT

FINAL
BRIEFING

Figure i-i. Study Schedule

During the first month of the study (Requirements Study Phase), study effort was focused

on Task 1, Mission Requirements/Objectives Analysis, and Task 2, Subsystem Analyses.

The major output of this phase was the recommended mission and subsystem require-

ments presented at the Requirements Assessment Meeting. During the Subsystem

Analysis phase, study effort was focused on Task 2. The major output of this task was

a catalog of subsystem data identifying subsystem characteristics, interactive effects,

sensitivities, operations, and cost presented at the First Review Meeting. Configuration

Analysis was the next phase, with study effort concentrated on Task 3, Space Tug Con-

figuration and Supporting System Analyses, during this period. Major output of this

phase was to be the six family options recommended for detailed program definition,

at the Concept Evaluation and Selection Meeting.

Major study phase, Task 5, was divided into two parts: Initial and Final Program

Definition. The Initial Program Definition phase ended with the 6-1/2 month data

dump. At this time, Major Program Definition data for the selected Tug configura-

tions/programs was presented for review. Following the data dump, Program Defini-

t-ion results were updated during the final Program Definition phase to reflect direction

received at the data dump.

During the course of the study there were two major directions from the government,

which influenced the implementation of this study plan. At the start of Task 3, con-

figuration analysis, the government specified seven capability options for which
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configurations/programs options were to be specified. As a result of the concept

evaluation and selection meeting the government selected three programs for detailed

definition analyses.

After initiation of the study the data dump at the 6-1/2 month point became the critical

milestone since this was the key point for data to be used in the government assess-

ment of Tug concepts. The data presented at this milestone became the major study

output.

Throughout the study special emphasis was given to the areas of Safety, Operations,

and Tug/Orbiter interface. Safety is a critical area because of manned safety con-

siderations with respect to the Tug operating in and near the Orbiter. The Tug/

Orbiter interface is important since the Orbiter is under development. Tug operations

are critical since they directly affect STS operations cost and the primary goal of the

STS is the reduction of space operations costs.

This document, which is Volume II of the final report, is a chronological synopsis of

the study tasks. Sections 2.1 to 2.4 present the results of the four study tasks. The

other sections summarize the results of the special emphasis analyses, the additional

analyses conducted after the data dump, and the study conclusions and recommenda-

tions. References 1 through 6, which include the presentation and review material

produced through the study, contain the detailed information summarized in this

volume.
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SECTION2

SYNOPSISOF ANALYSES

2.1 REQUIREMENTS

The study was initiated with a requirements analyses task with the primary objective of

translating mission and payload requirements into system/subsystem requirements. In

addition to the analyses at the start of the study, the requirements were periodically up-

dated as necessary throughout the study. More detailed information on requirements

can be found in Reference 2 and Volume 1 of Reference 4.

This section summarizes the requirements that drive the configuration, design, and

operations of the three cryogenic Tug options. Requirements have been derived from

government supplied documents such as the statement of work, the Space Tug System

Studies Data Package, the TOPSS study results; direction provided during the course of

the study; and analysis of Tug requirements.

2.1.1 GENERAL REQUIREMENTS AND GUIDELINES. The Space Tug is a reusable

cryogenic (LO2/LH2) propulsive stage carried into low earth orbit by the Space Shuttle

Orbiter. This does not preclude operation of the Tug in an expendable mode. The more

significant general requirements and guidelines are summarized below.

The combined gross weight of the Tug, Tug payload, and Tug installation hardware shall

not exceed 65,000 pounds (29,484 kg). Early in the program a Space Shuttle decision was

made that gave the Orbiter the weight penalty for the fluid and electrical lines between

the payload bay walls and the outer umbilicals. The Tug and its interface equipment

shall not exceed 35 ft (1_0.66m) in length and shall be dimensionally compatible with the

Orbiter cargo bay clear volume of 15 ft (4. 7m) diameter by 60 ft (18.29m) length. The

Tug alone or in combination with its payload shall have a center of gravity consistent

with the Orbiter limits as specified for the Shuttle.

The Tug shall be consistent with the safety implications of operation in the vicinity of

manned vehicles. Throughout the study specific guidelines were introduced that were

applied to the designs under consideration. The topic of safety was a special emphasis

area discussed in Section 2.5.1.

The Tug and its subsystems shah be capable of withstanding the environments induced

while the Tug is stowed within the Shuttle Orbiter cargo bay. The Tug shall be compat-

ible with all Shuttle abort modes and procedures and shall not preclude the Shuttle from

intact abort. The mission reliability goal was 0.97.

The Tug shall be compatible with the Orbiter payload capability as shown in Figure 2-1.

The Tug is delivered to a 160 n. mi. (296 kin) circular orbit and recovered from a
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Figure 2-1. Orbiter Payload Capability

179 n. mi. (385 km) circular orbit by the Orbiter. The Orbiter is the active partner dur-
ing Orbiter-to-Tug docking and rendezvous.

The Tug weights shall include a 10% weight contingency on all dry weights. A flight per-

formance reserve (FPR) of 2% was used on all performance computations through the

Concept Selection and Evaluation meeting. Tug flight performance reserves for the

program definitions provided at the data dump were 1.73% for deployment missions,

1.41% for retrieval missions, and 1.74% for roundtrip missions. The performance com-

putations assumed that this FPR was expended uniformly throughout the mission.

2.1.2 PAYLOAD REQUIREMENTS. A general analysis of payload requirements was

made early in the study. The driving requirements imposed on the Tug by payloads are
summarized in Table 2-1.

2.1.3 MISSION REQUIREMENTS. Missions are in the general classes of low earth or-

bit (mostly high-inclination orbits), synchronous and other high delta-velocity missions,

and planetay mission. The basic types of mission to be accomplished by the Tug options
are:

a. Deployment -- In the basic mode the Tug carries the payload from the Shuttle Orbiter

to the payload orbit, deploys the payloads, and then the Tug returns to the Orbiter
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Table 2-1. Driving Payload Requirements

. Description

1. Payload Weight

2. Payload Length

3. Payload Diameter

4. Payload Interface

5. Separation

• Max. Velocity

• Max. Angular Rate

6. Payload Spln-up

7. Multiple Placement

8. Retrieval (Docking)

9. Payload Despin

10. Adapter Instrumentation &

Separation Commands

11. Data Management

• Commands [ Hardwire &
• Telemetry IRF to P/L

• Status IHardwire to
• Commands IP/L**

Status 1Hardwire from
• Secure Data ! P/L**

|

• FM/FM Irlgj
I

• Secure Commands to P/L[RF,_.

• Secure TLM from P/L J

12. Placement Accuracy

• Tangential Vel. Error

• Normal VelocRy Error

• Radial Velocity Error

13. Loiter Mode Capabiltty

14. Payload Orientation During C/O

• Attitude

• Rate

15. Rendezvous & Docking

• Capability

• Laser Radar to Track P/L

16. Communicatlc_s to/from P/L

17. No Direct Impingement of Exhaust

Product on Payload

18. Electrical Power (28Vdc)

19. Contaminstiaa Control

20. Environmental on P/L

Requirement
Value

500 to 9,500 lb (227 to 4309 kg)

3 to 25 ft (0.9 to 7.6m)

3 to 15 R (0.9 to 4. 57m)

Minimize changes

5fps(1.52m/s)
0.l°/sec (0.0017 red/s)

10-100 (10.5-105 red/s)

Upto 3

10-100 rpm (10.5-105 red/s)

1.0 kbps

16 kbps

16 kbps

2 kbps

16 kbps

256 kbps

ch.h

2 kbps

16 kbps

s0fps(6. 1 m/s)
50_ (15.2 m/s)
70 fps (21.3 m/s)

3_

_-0.5* (0. 0087 red)

• 0.1"/see (0.0017 red/s)

300W

Not to exceed shuttle by more

than 10-20%

Primary System/

Subsystem Impact

Structure

Structure

Structure

Structure

Structure, Astrionics

Structure, Astrionics

Structure, Astrionics

Structure

Structure, Astrionics

Structure, Astrionics

Astrionics

Astrionics

Astrionics

Astrionics

Astrionics

Astrionics

Astrlonics

Astrionics

Astrionlcs

Astrionics

G&N

G&N

G&N

G&N

Astrtonlcs, Prop.

Astrionics, Prop.

Astr., Prop., Struo.
Astrionics

Astrlonlcs

Prop., Elec.

E]ec.

Prop., E1ec.

**DOD Payloads Only
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Do

for return to Earth. Extremely high-energy planetary missions may require that

the Tug be expended (injected into orbit with the payload). Where cost effective a

velocity package (kick stage) may be expended, with the Tug reusable.

Retrieval -- The Tug transfers from the Shuttle to the vicinity of the payload, ren-

dezvous and docks with the payload, and returns the payload to the Orbiter for re-
turn to Earth.

Co Round Trip -- The Tug carries a payload to the required orbit where the payload is

deployed; the Tug then rendezvous and docks with another payload, which is return-

ed to the Orbiter with the Tug for return to Earth.

In addition to these three basic mission types, the following two desirable mission types
were considered:

ao

b.

On-Orbit Servicing -- The Tug carries a service kit to orbit, where the Tug rendez-

vous with a payload, and on-orbit servicing is performed with the kit. The kit and

returnable payload components are returned with the Tug to the Orbiter for return
to Earth.

Sortie -- The payload is carried to orbit by the Tug and remains attached to the Tug

during its on-orbit operational period; the payload is then returned by the Tug to
the Orbiter for earth return.

The Tug will be capable of multiple payload delivery with one, two, or three payloads

deployed during a single Tug flight. Only single payloads are deployed on planetary

missions. DOD and NASA payloads must not be mixed on the same flight.

An analysis of the mission model provided at the start of the study led to the selection

of 12 reference missions summarized in Table 2-2. A detailed discussion of reference

mission parameters is given in Volume I of Reference 4. A description of the synchro-

nous equatorial (single payload) deployment mission, R-1D, typical of those to be found

in Reference 4_ is presented below.

The synchronous equatorial payload deployment flight schematic for the outbound phase

is shown in Figure 2-2. The return phase is illustrated in Figure 2-3. The total elaps-

ed time for the mission is about 47 hours.

The Orbiter is launched due east from the eastern test range (ETR) and delivers the Tug

plus payload to a 160 n. mi. (296 kin) orbit. It is assumed that the payload placement

longitude is such that a worst case phasing requirement of about 14. 0 hours exists. This

requirement can be met by various combinations of phasing orbit period and the number

of phasing orbit revolutions. The selected combination involved keeping the Tug in the

160 n. mi. (296 km) orbit for eight revolutions, followed by a single revolution in a 1.92

hour period phasing orbit. A total plane change angle of 2.2 degrees (0.038 rad) at the

160 n. mi. (296 km) altitude is distributed between the phasing orbit insertion and trans-

fer orbit insertion burns such that no additional delta-V is incurred as a result of the
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Table 2-2. Reference Missions

Reference

Mission

No. Mission

!

Mission Orbit _ _, _, ._

YA x yA, Inclination _ _o "_ . '_

n. mi. x n. mi., deg _ _
(km × km, rad) _

R-1 Sync. Equatorial 19,323 ×19,323 0 x x x

(35,786 × 35,786 0)

R-2 High Energy, Elliptical 16,000 x 30,000 29 x x x

(29,632 x 55,560 0.51)

R-3 High Inclin., Elliptical 300 x 3,000 90 x x x

(556 x 5556 1.57)

R-4 High Inclin., Circular 500 × 500 99.2 x x x

(926 x 926 1.73)

R-5 Planetary (Tug Retnd. ) AV = 13,000 FPS x

(3962 m/s)

R-6 Planetary (Tug/AV) AV = 16,500 FPS x

(5029 m/s)

R-8 Planetary (2 x Tug/AV) AV = 24,000 FPS x

(7315 m/s)

D-4 High Energy, 24-Hr 25,020 x 13,630 60 x x x

(46,337 x 25,243 1.05)

D-7 High Energy, Elliptical 850 × 20,960 63.4 x x x

(1574 x 38,818 1.11)

D-8 High Altitude 56,000 x 58,000 0 x

(107,416 x 107,416 0)

D-9 Servicing 19,323 x 19,323 0 x

(35,786 x 35,786 0)

phasing orbit. The remainder of the 28.5 degree (0. 497 rad) plane change is incorpo-

rated in the mission orbit insertion maneuver at apogee of the transfer orbit.

The return phase is initiated after 11.15 hours in the mission orbit, which includes

payload deployment. This corresponds to the first opportunity for the return transfer

orbit insertion. The flight profile for the return phase is similar to that of the out-
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1
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1.63
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Figure 2-2. Synchronous Equatorial Deployment Mission R-1D, Outbound

SEQ.

NO.

6

6-7

7

7-8

8

8-9

9
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TIME DURATION
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45.90
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DEORBIT
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Figure 2-3.

ITER PARKING ORBIT 160 N.MI. (296 KM)

'PHASING ORBIT

TRANSFER ORB IT

MISSION ORBIT 19,323 N.MI. (35,786 KM)

Synchronous Equatorial Deployment Mission R-1D, Inbound
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bound phase, consisting of a 180 degree (3. 14 rad) transfer from the mission orbit alti-

tude to the Orbiter orbit altitude, followed by one revolution in a phasing orbit. The

maximum time required in the phasing orbit is twice the period of the Orbiter orbit, or

about 3.02 hours. About six hours of phasing is required prior to deorbit to allow the

launch site to rotate into the plane of the Orbiter. Table 2-3 shows the mission se-

quence of events and the mission velocity budget.

2.1.4 SUBSYSTEM DRIVING REQUIREMENTS. An analysis was made to determine

how the missions affected the Tug subsystems. The subsystem driving requirements

derived from the reference missions are summarized in Table 2-4.

Table 2-3. Synchronous Equatorial Orbit -- Deployment

Mission -- Representative Mission R-1D

Shuttle Liftoff

Shuttle Burnout

Coast to 100 n. mi. (185 km)

Shuttle Insert

Coast to 160 n. mi. (296 km)

Circularize

Tug Deploy & Coast

Phasing Orbit Insert

Coast to TOI

Transfer Orbit Insert

Coast to Sync. Orbit

Misslcm Orbit Insert

Time (hr) Full Thrust AV, FPS (m/s)

Seq. Gray.
Event No. A Total Ideal Loss (1) Total

O

0.141

1-2a

2a

2a-2

2

2-3

3

3-4

4

4-5

5

0.73

0.76

13.11

1.92

5.27

O. 87

Burn time -- 15, 0O0 Ib (66,723 N) main engine.

1.63

14.74 1824 47 1871

(556) (14) (570)

16.66 6222

(1896)

21.93 5849

(1783)

Deploy Payload 5-6 11.15

Transfer Orbit Jnsort 6 33.08 5844

(1781)

Coast to POI 6-7 5.27

Phasing Orbit Insert 7 38.35 3720

(1134)

Coast 7-8 3.02

Circularize for Rend. 8 41.37 4309

(1313)

Shuttle Rend.& Coast 8-9 4.53

Shuttle Deorblt 9 45.90

Touchdown 10 46.60

(1) Based on 15,000 lb (66,723 N) thrust engine.

(2)

Tug Main Engine

Burn

Ti me (2)

(nfin)

4.1 1

160 6382 9, 9

(49) (1945)

1O 5849 6. 1

(3) (1786)

5 5851 2.8

(2) (1783)

I0 3730 I. 3

(1137)

7 4319 I. 1

(3) (1316)

Idle Mode

AV, FPS (m/s)

50 (3)

(15)

50(3)

(15)

ACS AV

FPS (m/s)

i0

(3)

40(4)

(12)

(3) Midcourse correction.

(4) 10 fps (3 m/s) for deployment and 30 fps (9 m/s)

for stationkeeping.
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Table 2-4. Summary of Major Mission Derived Design Requirements

Subsystem Driver Mission(s} Driver(s} Effect on Design

A. Propulsion

1. Main Engine Planetary Velocity (gravity losses) Drives reeommemded TKRUST LEVEL to

18,000 lb (80,000 N),which is slightly great-

er than the optimum for the orbit-to-orbit

missions.

Tank volumes and stage mixture ratio are

optimized for the retrieval mission. Off-

leading is required for deployment and round

trip missions. Off-loading permits the en-

gi_e_ to operate close to the peak ISP mixture

ratio, which differs from the optimum stage

mlxtui_e ratio for the retrieval mission. The

requirement is for an engine MIXTURE

RATIO RANGE OF 5.5-6.7.

Requires a low thrust (MANEUVER THRUST)

of 5-25_ of fall thrust.

B°

Deployment & Round Velocities & coast

Trip times

All Low delta velocity

maneuvers

2. Feed, Fill Not significantly

Drain & P.U. driven by missions

3. Vent System High Energy' (R-2}

4. Pressurization None

Residuals

1st coast time

(Driver is two-phase

pumping capability for

engines)

5. Propellant Round Trip Propellant required

Acquisition R=I, R-3, & R-4 between settling burns

6. ACPS Retrieval

Thermal Protection

1. Main Tank

insulation

R-1 Multi Deploy

R-1 Multi Deploy

2. Other Thermal R-4 Round Trip

Control

(Tug orientation

driven)

Rate requirements for

docking per NASA data

package

Attitude control total

impulse of 153,000 lb/

sec (69,401 kg) & 163

hr mission time

163 hr mission fime

Max heafingra_

Max heating rate

A propellant utilization system maximizes

payload.

A ZERO-G VENT system is required.

Establishes ACQUI_yFION DEVICE VOLUME

and ACQUISITION SYSTEM WEIGHT require-

memts.

Sizes -- T[IRUSTEItS at 25 lbf (111N) each.

Sizes -- }i_'DRAZINE & HELIUM TANKAGE,

establishes the maximum DUTY CYCLE of

thrusters per flight.

Requirement for INSULATION TtlICKNESS

ZERO-G VENT.

Requirements for insulation and thermal

control surfaces (coatings).

Requirements for heaters, insulation and

thermal coatings and utilize heat conduction

techniques to maintain subsystems at accept-

able temperature levels.
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Table 2-4. Summary of Major Mission Derived Design Requirements, Contd

Subsystem Driver Mission(s) Driver(s) Effect on Design

C. Structures

1. Tanks &

Supports

Tanks R-1R Mission AV Deterime TANK VOLUMES.

R-1M Pressure vs time With boost head pressure, determines TANK

WALL THICKNESS.

R-2RT 1. No. of eng. burns ]

(Pressurization sub- 2. No. of vent cycles

system driven)

R-1M 3. Duration of sus-

tained pressure

R-IR Mission AV

R-2RT No. of engine burns

164 hr mission

Supports R-1R

R-IM

2. Body Structure D-7

R-2RT

R-1M

3. Thrust Structure R-1M

R -2RT

Power requirements

Mission AV

Duration

P/L/weight

P/L CG location

Mission AV

No. of engine burns

ACPS AV

Duration

No. of engine burns

Determines cyclic and sustained FLAW

GROWTH CHARACTERISTICS --

governs tank SAFE LIFE ANALYSIS.

Determines propellant weights and hence

tank Aweight for SUPPORT INTERFACE

PROVISIONS.

Determines CYCLIC LOAD HISTORY for

SUPPORT INTERFACES AND THRUST

STRUCTURE INTERFACE.

Determines TANK AVOLUME & AWEIGHT

for fuel cell reactants.

Determines propellant weights, which in turn

determines STRUT LOADS and WEIGHS.

Determines MATERIAL SELECTION for sup-

port struts to minimize heat conduction to

tank (and avoid degradation due to outgassing

in vacuum environments).

Sizes FORWARD BODY SHELL.

Sizes FORWARD ORBITER SUPPORT FRAME.

Contributes to INTERTANK & AFT BODY

sizing.

Determines propellant weight, which in turn

determines body Aweight for TANK SUPPORT
INTERFACE FITTINGS and TANK SUPPORT

FRAME and contributes to INTERTANK &

AFT BODY SIZING.

Determines cyclic load history for

SUPPORT INTERFACES.

Determines Aweight for SUPPORT FITTINGS

& SIDEWALL REINFORCEMENT if ACPS

propellant is body mounted.

Determines THERMAL CONTROL COATING

requirements & MATERIAL SELECTION to

minimize heat conduction to tank.

Determines cyclic load history for basic

THRUST STRUCTURE & TVC INTERFACE

FITTINGS/FRAME.
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Table 2-4. Summary of Major Mission Derived Design Requirements, Contd

Subsystem Driver Mission(s ) Driver(s) Effect on Design

C. Structures (contd)

4. Meteoriod Shield R-1M Duration DeterminesAthickness of BUMPER

D-8 Altitude (body skin/purge bag/insulation sup-

port fairing) & inner wall (tank).

D.

5. Orbiter D-7 P/L weight

interface P/L CG location

R-1R Mission AV

6. Payload D-7 P/L weight

interface P/L CG location

R-1R P/L weight

Astrionics

1. Data

Management

Computer Detailed mission

Requirements operations

Redundancy 164 hr Reliability requirements

of O. 97

48 hr Reliability requirements

of 0.97

Tape Recorder R-4 High Inclination Status data storage --

Circular minimum record time

Maximum time between

ground communication

contacts at 160 n. mi.

(296 kg)

2. Guidance and R-1D Payload placement ac-

Navigation curacy and time from

Accuracy launch

All Envelope for Tug re-

trieval by Shuttle

Contributes to DEPLOYMENT ADAPTER

sizing.

Determines propellant weight, and hence

SHEAR LAG PROVISION weight, LATCH

LONGERON weight & LATCH WEIGHT in

both the DEPLOYMENT ADAPTER and TUG

AFT BODY.

Determines SEPAtL_TION FITTING

weight & ASTRONICS MODULE Aweight for

longerons and frame reinforcement.

Determines DOCKING MECHANISM &

LATCHING MECtIANISM and ASTRONqCS

MODULE Aweight for local attachment

fittings and reinforcement.

Detailed mission operations become SOFT-

WARE REQUIREMENTS (software modules

are identified by generic function). These

requirements size the computer memory

initially. Execution avg. per mission phase:

160 KOPS/sec.

Requires a minimum of DUAL REDUNDANCY

IN DMS with coverage equal to or above 0.90.

Simplex computer will not meet reliability

goal. Requires minimum of DUAL

REDUNDANCY IN DMS.

Require TAPE RECORDER to store status

information during gaps in communications

to ground.

Refines guidance accuracy requiremeaat for

payload development.

Defines mission guidance accuracy and update

requirements.
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Table 2-4. Summary of Major Mission Derived Design Requirements, Contd

Subsystem Driver Mission(s) Driver (s) Effect on Design

D. Astrionics (contd) Payload Retrieval Payload rendezvous envelope: Defines rendezvous sen-

sor range and capability
2. Guidance and Position (3 _) from payload of less than

blavigatLon (contd) 30 n. mi. (55 kin) requirements and navi-

Accuracy (contd) gallon requirements to
. Velocity (3a) of less than 25 ft/sec (7.6 m/s) rendezvous envelope.

Redundancy 164 hr Reliability of requirement of 0.97 Requires a minimum of

DUAL REDUNDANCY.

3. Flight Control

Altitude

Control

All

All

Retrieval

Operational Modes

Coarse Mode Fine Mode

Attitude (all axes) _5.0 deg _0.5 deg

(0. 087 rad/s) (0.0087 red/s)

Rate (all axes) _1.0 deg/sec _0. 1 deg/sec

(0. 017 rad/s) (0. 0017 rad/s)

Defines attitude and atti-

tude rate accuracy re-

quirements and sizes

minimum impulse bit.

Attitude Hold for Tug

Deployment & Retrieval

Tug velocities (residual)

Longitudinal

Lateral

Angular

Angular mlsaltgnment

Establishes attitude con-

trol loop requirements

after completing mission

& inhibiting critical safe-
0.1to 1.0 ft/sec

(0. 03 to 0. 3 m/s) ty functions.

0. 5 ft/sec (0. 15 m/s)

I.0 deg/sec (0.017 rad/s)

±I. 0 deg (0.017 rad)

Payload Docking

Values represent limits at time of Tug/Payload

docking.

Longitudinal control

Lateral control

Angular control

0.1to 1.0 ft/sec

(0. 03 to 0.3 m/s)

0.3 ft/sec (0.09 m/s)

±2. 4 deg/sec

(0. 042 rad/s)

Defines attitude control

Jet configuration & thrust

sizing and software

digital autopilot require-

ments.

Thrust Vector All Powered Phase Control Defines thrust vector

Control Stability requirements control loop - powered
phase digital autopllot

requirements.

2.1.5 MISSION MODEL SUMMARY. Several different mission models were provided
|,

by the government during the course of the study for use in the different study phases.

The mission models for the Program Definition task are defined in NASA/MSFC memo

PD-TUG-M (316-73). The one-way delta velocities above the 160 n. mi. (296 kin)

Orbiter delivery orbit for the Program Definition mission model are shown in Table 2-5.

The applicability of the reference missions to the NASA and DOD missions defined in

this mission model are shown in Tables 2-6 and 2-7.
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Table 2-5, Delta V for Mission Model

PAYLOAD

NUMBER

1T08

9

10

11

12

13

14

15

16

17& 18

19

20

22

23

24

SHUTTLE
INCLINATION

(DEG)

ONE-WAY

AV
(FPS) (M/S)

28.5 13,976 4260

28.5 14,490 4417

28.5 12,966 3952
29.0 13,089 3990

90.0 2,298 700

90.0 8,555 2608

90.0 3,595 1096

100.0 1,700 518

99.2 1,110 338

28.5 13,465 4104

28.5 16,700 5090

28.5 23,800 7254

28.5 24,300 7407

28.5 18,600 5669

28.5 22,300 6797

SHUTTLE

PAYLOAD INCLINATION

NUMBER (DEG)

2, 3b, 15, 28.5

17,12b,6,4a 28.5

3a 38.0

4b 38.0

10 38.0

8 46.0

11a 28.5

11b 30.0

11c 38.0

5 90.0

16 98.3

12a 104.0

ONE-WAY

AV

(FPS) (M/S)

13,976 4260

13,976 4260

12,600 3840

10,500 3200

10,500 3200

12,500 3810

14,030 4276

13,700 4176
13,950 4252

1,850 564
800 244

465 142

Table 2-6. Applicability of Reference Missions to NASA Missions

Reference

Mis sion

R-1

R-2

R-3

R-4

R-5

R-6

R-7

R-8

D-7

NASA Mission Numbers

Sync. Eq. I Other Orbits

X X X X X X X X

X

X

IX X

X

X X

Planetary

X X X

X X X X X

X

X
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Reference:

Mission

R-1

R-4

D-4

D-7

D-8

D-9

Table 2-7. Applicability of Reference Mission to DOD Missions

/

Other Orbits I

12_l i_ 15 I101 8i 4b laa Illa Inb ' 111c I
x I

I
X X X I

I

Unclassified DOD Mission Code

Sync. Eq.

21 9 lab] 18 [17 ! ,12b! 6 I_

X X X X X X X X

X

X X

X X X

X X X X X X X X
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2.2 SUBSYSTEMS

The objective of the subsystems analysis task, Task 2 of the study, was to define
candidate subsystemswith capabilities to meet the mission andpayload requirements
as well as the general Tug requirements. The results of this task included a definition
of recommendedsubsystems for use in the configuration andprogram definition tasks.
This section summarizes the results of the subsystem analysis task plus the results of
certain other subsystem analyses conductedin support of the configuration andprogram
definition tasks. The detailed information is contained in Reference4 (SubsystemCat-
alog), the presentation material of References 2 and 3, and Volume 5 of Reference 6.

2.2.1 STRUCTURE. The data presented in this section is arranged as shown below.

The primary prupose is to define the significant characteristic options considered for

each subsystem and to summarize their evaluation.

Subsystem

Fuel Tank and Supports

Oxidizer Tank and Supports

Body Structure

Thrust Structure

Meteoroid Shield

Section

2.2.1.1

2.2.1.2

2.2.1.3

2.2.1.4

2.2.1.5

Loads -- The external quasi-static load conditions and factors used in preliminary design

and analysis of the Tug structure were taken from the 1973 Payload Accommodations

Document (JSC 07700, Volume XIV). Since simultaneous dumping of both propellants

during powered flightis the option selected for propellant disposal in the event ofShuttle

abort, the main propellant tanks were considered empty during exposure to the following

load conditions: entry, flyback, landing and braking, and crash. Applied loads at the

Tug/payload interface were based on a 9500 Ib (4309 kg) NASA low-cost design payload

with its center of gravity 108 in. (2.743m) forward of the interface.

Safety Factors -- All margin-of-safety calculations included manned-vehicle safety

factors of 1.10 (yield) or 1.40 (ultimate) as specified in MSFC-HDBK-505. A trade

study was performed to determine the effects on weight and cost of higher structure safety

factors. Increasing the safety factor results in higher weights and lmver performance

with no identifiable cost reductions.

2.2.1.1 Fuel Tank and Supports. The major subsystem characteristics investigated

during the study were tank body integration, structural design, materials, bulkhead

contour and construction, and weight/tolerance control.
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Tank/Body Integration -- Figure 2-4 illustrates the four tank/body combinations originally

considered. Both deleted candidates offered reduced overall tankage length, but they were

penalized by the noted disadvantages and were eliminated when initial engine/vehicle length

trade studies showed the length advantage to be unnecessary.

SELECTED CANDIDATES

SUSPENOED

DELETED CANDIDATES

OXIDIZER TOROID

• HEAVY

• POTENTIAL CONTROL PROBLEM

• DIFFICULT TO SUPPORT, INSULATE

• LENGTH ADVANTAGE SUBJECT

TO ORBITER CO CONSTRAINT

LOAD BEARING NESTEO

• HEAVY

• LENGTH ADVANTAGE SUBJEC'_

TO ORBITER CO CONSTRAINT

Figure 2-4. Candidate Tank/Body Combinations

Structural Design -- A representative baseline tank configuration (Figure 2-5) was adopted

for detailed preliminary analysis and design of the suspended and load bearing systems•

It was sized for a propellant quantity representative of a
ELLtP'SOIO
a h i 38 ,TYPI

/f
I/ i ]

164.0m
VOL * 1983113

I_ t5 m;l_

J ,4

ZOtS

Figure 2-5. Baseline Fuel

Tank and Supports

typical synchronous retrieval mission. The suspended

tank system was of monocoque construction with membrane

thicknesses based on maximum differential pressure due

to ullage pressure plus propellant axial inertia, The de-

sign ullage pressure was revised from an initial value of

24 psid (165.5 kN/m 2) to 20 psid (137.9 kN/m 2) as the

requirements/effects of main engine operation, propel-

lant tanking density, abort dump time, and vent/relief

valve deadbands were established•

The load-bearing system incorporated an integrally stif-

fened sidewall and monocoque buIkheads. Sidewall sizing

was governed by entry and landing loads with empty tanks

and an assumed loss of fuel tank pressure.

Although the weight of the skin (and sidewall stiffening) accounts for a majority of the total

tank weight, all non-optimum items and systems/interface provisions necessary in a com-

plete tank system were investigated to provide credible weight estimates.
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All permanent tank joints were fusion buttwelded and included weld lands based on a

conservative heat affected zone width. Circumferential joints included additional allow-

ance for discontinuities due to abrupt changes in thickness and/or curvature.

A 32 in. (0. 813m) diameter access opening in the forward bulkhead provided clearance

for personnel plus work platforms and permitted mounting of a zero-g vent mixer pack-

age directly on the door.

Primary tank support was provided by thermal isolation struts consisting of fiberglas/

epoxy tubes and titanium end fittings.

The load-bearing tank system used forward and aft arrays of 24 struts (12 pairs) each.

All strut pair apexes were located on the tank at the dome/cylinder intersections. I_cal

pads were provided at each apex to permit bracket attachments.

The suspended tank system initially used a single aft array of 12 struts (6 pairs) but

subsequent analysis showed that this system was not sufficiently stiff to maintain ade-

quate tank/body clearance, and a planar array of six struts was added at the forward

end of the tank. The aft bulkhead was reinforced with an integral belly-band that acted

as a ring beam to distribute local loads to the membrane.

A total of 20 lb (9.1 kg) was allocated to all tanks to provide for baffles and support pro-

visions for tank-mounted subsystems. The requirement for anti-slosh baffles has not

been established but anti-vortex and pull-through prevention provisions above the boost

pump inlet were required.

Comparison of the suspended and load-bearing systems resulted in the following ob-

servations and conclusions. Although the load bearing configuration eliminated the

need for a significant portion of body structure, it nevertheless required an auxiliary

external membrane to provide insulation system purge containment and to act as a

meteoroid bumper. Specific tradeoffs conducted in Task 3 between complete vehicles

utilizing the two systems (with appropriate body structure and purge bag but all other

subsystems identical) indicated a payload and cost benefit in favor of the suspended

system of approximately 200 lb (90.7 kg) and $8.7M, identified in each of two independent

comparisons. Accordingly, the suspended tank system was chosen at the Concept Selec-

tion meeting as the preferred configuration for all subsequent Tug vehicles.

Materials -- The weight and characteristics evaluation of the candidate fuel tank materials

is summarized in Table 2-8.

The selection of 2219-T87 was based on minimum weight for all candidate materials with

extensive usage experience plus a "straight-A" rating in all other materials characteris-

tics. Although initially selected for low weight and good material characteristics, 6A1-4V

was subsequently deleted based on the possibility of embrittlement due to titanium hydride
formation on the tank inner surface.
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Table 2-8. Fuel Tank Materials Evaluation

CANDIDATE

EVALUATION CRITERIA

MATERIALS CHARACTERISTICS

STRESS

WEIGHT FRACTURE USAGE

(LB.) TOUGHNESS RESISTANCE WELDABILITY EXPERIENCE

2219-T87 603

2014-T6 607

2021-T81 638

2219-T81 619

7007-T6 527

7039-T64 591

Ti.5AI-2.SSn ELI, ANL 615

Ti.6AI-4V ELI, ANL 500
301 lhH, XFH 784

718, COND. STA 702

718, 20% CW + AGE 608

MP35N, 50% CW 597

CORROSION

A A

B C

B A

A A

B D

B D

B
B

A

B

B

C

A

C

B

A

C

B

A

AA I
A

A

B

A

A

D

A

D
D

A

B

A

B

D

D

A & B : ACCEPTABLE BASED ON PRIOR CONVAIR EXPERIENCE

RECOMMENDED

CANDIDATES

DIRECT

INTERIM DEVEL.

X X

X

Recent fracture mechanics data indicates that the cryogenic fracture toughness of 2219-

T87 exceeds the room temperature toughness in such a way that a room temperature

proof test will screen smaller initial flaws than a cryogenic proof test. Furthermore,

the difference in "screenable" flaw size may be sufficient to permit tank membrane

thickness sizing based on cryogenic design allowables.

Bulkhead Contour and Construction -- Candidate bulkhead meridian contours were ellipses,

constant NS/N ¢ , and Cassinian. The constant Ns/N ¢ family avoids the undesirable hoop
compression present in ellipses with a/b >¢F2" and in Cassinians but requires increased

thickness in the apex region due to flatness. As vehicle sizing progressed, it became

clear that very low-height tank bulkheads would not be required to meet the vehicle

length constraint. In addition, a trade study of the effect of bulkhead ratio on perform-

ance indicated an optimum ratio of a/b __ ¢r'2". An elliptical contour with a/b = 1.38

was then selected based on its reasonably low height, avoidance of hoop-compression,

and its common usage.

Two alternative methods were considered for bulkhead construction: conventional stretch-

formed and butt welded gores, and one-piece spin-forming. Gore construction is a con-

ventional, low-cost option that requires little," if any, development, assuring minimum

schedule risk. Spin-forming offered a slight weight advantage but required special raw

stock sizes and development to achieve acceptable final material condition. The gore

construction option was selected due to its low cost and low risk in spite of a minor

weight penalty.

Weight/Tolerance Control -- Membrane thicknesses computed based on pressure and

maximum allowable material stress represent minimum permissible values. The actual

average material thickness exceeds the minimum by some at, which, in a conventionally
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fabricated tank, is contributed to by initial raw stock thickness tolerance, thinning
dueto stretch-forming (if applicable), and the tolerance due to material removal
operations to control/reduc,e thickness (machiningor chem-etching). This At ranges
from 0 0075in. to 0. 0085in. (0. 191 mm to 0. 216 mm) for the fuel tank and results

in a h weight of 93.0 lb (42.2 kg). Utilization of a chem-sizing process in place of

conventional chem-milling eliminates all tolerance except that on the sizing process

itself. The resulting weight, assuming an average of At of 0. 0015 in. (0. 052 ram),

would be 17.2 lb (7.8 kg) representing a saving of 75.8 lb (34.4 kg). The added cost

of this process for a complete fuel tank is estimated at $16k, making it a very cost-

effective option for performance improvement.

2.2.1.2 Oxidizer Tank and Supports. The major subsystem characteristics investi-

gated during the study were structural design, materials, contour and construction of

forward and aft bulkheads, and weight/tolerance control.

Structural Design -- The baseline tank geometry initially adopted for detailed pre-

liminary analysis and design is shown in configuration 1 of Figure 2-6. Tank mem-

brane thicknesses were based on a maximum ullage pressure of 24.0 psi (165.5 kN/m 2)

plus propellant inertia effects. As in the fuel tank, all non-optimum items and systems/

interface provisions necessary in a complete tank system were investigated to provide

credible weight estimates. All permanent tank joints were fusion buttwelded and in-

cluded weld lands based on a conservative heat affected zone width. An access open-

ing similar to that in the fuel tank was provided in the aft bulkhead. Primary tank

support was provided by 48 struts (24 pairs) similar in concept and orientation to those

in the fuel tank aft array. A 20 lb (9.1 kg) allowance for baffles and support provisions

for tank mounted systems was also included.

-1460 in I - 140 2 in. =

(3¸708 rnl ELLIPSOID (3 561 m)

ELLIPSOID a/b= _ 3B

_ _3_,_., I [_ i i.. , , ,' I

P _Z'0115 8 _.

_;I1PPORT 481 S _ i
,, voLo,E: '11990 ,n 3}

1 2

Figure 2-6. Oxidizer Tank and Supports -- Baseline Configurations
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The tank was initially considered full during exposure to those flight conditions char-

acterized by high lateral (Y, Z) load factors. Membrane stiffening was therefore

required over a significant region to preclude buckling due to compressive stresses

produced by propellant lateral inertia. With the adoption of the abort dump ground

rule, the lateral loads on the tank wall and supports were greatly reduced. This per-

mitted deletion of all compression stabilization material and reduction in the number

of supports to 24, resulting in an 81.1 lb (36.8 kg) weight saving.

Later in the study the baseline tank geometry was revised as shown in configuration 2

of Figure 2-6 and the ullage pressure was revised first to 20 psi (137.9 kN/m 2) and
2

then to 23 psi (158.6 kN/m ) as the requirement/effects of main engine operation,

propellant tanking density, abort dump time, and vent/relief valve deadbands were

established.

Materials -- The same materials considered for the fuel tank were also considered

for the oxidizer tank except the titanium alloys, which were unacceptable due to their

reactivity with liquid oxygen. The results of the weight and materials characteristics

evaluation are summarized in Table 2-9. Weights were computed using baseline con-

figuration 1. As in the fuel tank, 2219-T87 aluminum was the selected material.

Table 2-9. Oxidizer Tank Materials Evaluation

CANDIDATES
I

2219-T87

2014-T6

2021-T81

2219-T81

7007-T6

7039-T64

301 'hH, XFG

718, COND STR.

718, 20% CHANGED

MP35N, 50% C

EVALUATION CRITERIA

MATERIALS CHAR,_CTERISTICS

WEIGHT FRACTURE

(LB.) TOUGHNESS

404 A

402 B

405 B

418 A

368 B

401 B

638

526

478

_6

A

B
B

C

STRESS
CORROSION

RESISTANCE

A

C

A

A
D

D

A & B : ACCEPTABLE BASED ON PRIOR CONVAIR EXPERIENCE

WELDABILITY

A

C

B

A

C

B

USAGE

EXPERIENCE

A

A

D

A

Dt °
D

D

I

I

RECOMMENDED

CANDIDATES

DIRECT

INTERIM DEVEL.

X X

Bulkhead Shape and Construction -- The same candidate bulkhead meridian contours

evaluated for the fuel tank were considered for use in the oxidizer tank, and the ellip-

tical contour with a/b = 1.38 was selected for both bulkheads. The aft bulkhead was

later revised to an ellipticonic contour as a result of the thrust structure studies dis-

cussed in Section 2.2.1.4.

The same dome construction alternatives (multiple gore and one-piece spun) considered

for the fuel tank were assessed for the oxidizer tank. Gore construction was also

selected for the oxidizer tank.
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Weight/Tolerance Control -- The 5t due to tolerance for a conventionally fabricated

oxidizer tank ranges from 0. 0075 in. to 0. 0093 in. (0. 191 mm to 0. 236 mm) and

results in a _/5weight of 42.3 lb (19.2 kg). Utilization of a chem-sizing process with

an average At of 0.0015 in. (0. 038 ram) in place of conventional chem-milling results

in a Aweight of 7.8 lb (3.5 kg), representing a saving of 34.5 lb (15.6 kg). The added

cost of this process for a complete oxidizer tank is estimated at $7k, again making it

a very cost-effective option for performance improvement.

2.2.1.3 Body Structure. The major subsystem characteristics investigated during

the study were body envelope and subdivision, structural design, and Orbite_," _uppoft

interface arrangement. The latter item is discussed in Section 2.5.3.

Body_Envelope and Subdivision -- The evolution of the baseline body structure envelope

and its modular subdivision is shown in Figure 2-7.

Concept O represents the original body structure configuration. Field joints were in-

corporated to provide a separate astrionics module and straight line structural assem-

blies for ease of manufacture of the other three modules. The separate intertank

module permitted independent installation of ACPS components and improved access

to the oxidizer tank forward bulkhead.

As Tug configuration definition continued, the cylinder-cone-cylinder body configura-

tion was found unnecessary and a continuous conical intertank/oxidizer tank section

contour was chosen. Partitioning this region into two assemblies, as previously, was

unnecessary and accordingly concept Q incorporating a separate cylindrical astrionics

module, a cylindrical forward module, and a conical aft module was adopted.

CONCEPT

MODULES

FIELD JOINTS

LENGTH, IN. (M)

DIAMETER, IN.

@ ® ® @
4 3 2 3

3 2 1 2

302 (7.67) 3Q2(7.67) :302(7.67) 274-286 (6.96-7.26)

176/162 176/162 176/162 174/176

Figure 2-7. Body Structure Envelope/Subdivision Evolution
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Concept(_)wasa possible simplification of concept Qconsisting of two modules and a

single field joint, which still permitted independent installation/removal of the pro-

pellant tanks and insulation system blankets. Each module consisted of a structural

assembly made up of straight-line longitudinal elements, but this concept did not per-

mit installation and checkout of the primary astrionics system equipment independent

of corresponding activities for the tank and insulation systems, however. This

limitation required an increased schedule allowance for these tasks and also precluded

astrionics system replacement on a total module basis. To provide flexibility in build-

up, test, scheduling, and maintenance, a separate astrionics module appeared desir-

able, eliminating concept (_).

Concept C) e liminated the aft body taper and shortened the total body by moving the aft

interface forward into a common station plane with the oxidizer tank equator. This

was permissible since final oxidizer tank volume requirements resulted in tank dia-

meters of less than 146 in. (3. 708m). The resulting tank/body radial gap was suffi-

cient to incorporate a deep frame capable of accommodating integral Tug/adapter

umbilical panels, providing adequate Tug/adapter clearance, providing support for

the 12 interface latch fittings, and reacting the oxidizer tank support loads.

Structural Design -- The characteristics of the four candidate concepts for body struc-

ture sidewall construction are shown in Table 2-10. ConceptOin Figure 2-7 was the

Table 2-10. Evaluation of Sidewall Construction Candidates

SKIN-STRINGER

CONCEPT

CHARACTERISTICS

MA:I'ERIAL WEIGHT

LB (KG)

ISOGRID

SANDWICH

SKIN-LINER

Ti'l'llli iui rlllHrri_

IIIIII

ALUMINUM 1290.3
(585.3)

ALUMINUM

GRAPHITE/
EPOXY

GRAPHITE/

EPOXY

1473.7

(668.5)

982.1

(445.5)

1035.3

1(469.6)
t
I

DDT&E

COST (MS) SELECTED

18.4 _,/

22.1

24.9 _/,

26.0
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baseline configuration for comparison of the four systems. Subsystem weights have

since been updated to represent the concept Ofinal baseline for the selected configura-

tions. The four candidates were subjected to loads derived from a rigid-body loads

program, which considered all load conditions discussed in paragraph 2.2.1 with three

combinations of payload and propellant quantity: tanks full, no payload; tanks full, with

payload; and tanks empty, with payload.

The skin-stringer design utilized nominal 0. 020 in. (0.51 mm) skin gage, reinforced

locally to accommodate concentrated loads, and sheet metal lipped-zee stringers for

axial stiffening. The stringers were sized as continuous beam columns subject to dis-

tributed inward loading from the tension field skin and margin of safety calculations

included allowances for forced crippling due to skin shear buckling. Intermediate

frames, sized to preclude general instability, were 3 in. (7.6 cm) deep with gage

increasing toward the aft end.

The flanged-isogrid design incorporated both skinned and open panels at various loca-

tions on the shell. The portion of the body aft of the oxidizer tank support frame was

configured as skin-stringer for compatibility with the tank support longerons. To pro-

vide meteoroid protection in the regions utilizing open grid construction, Beta cloth

was bonded to the grid surface. The skin flange sizes were constant but the opposite

flange was varied in width and thickness for weight control. The penalities due to

typical fillet and corner radii and machining mismatch and tolerance were also included

in the weight calculations. Major frames were identical for both the skin-stringer and

isogrid concepts.

The frame-stabilized-sandwich design utilized graphite/epoxy face sheets bonded to

5.5 lb/ft 3 (88 kg/m 3) HRP core. Face sheet thickness varied from 0. 009 in. (0.23 mm)

in the forward module to 0. 016 in. (0.41 mm) in the aft module to accommodate axial

load variations. Core depth was constant at 0.25 in. (0.64 mm). The circumference

was divided into four quadrants to facilitate panel manufacture and to permit circum-

ferential face sheet thickness variation. Stabilization frames were 2.5 in. (6.4 cm)

deep I-sections of co-cured graphite-epoxy. To provide a realistic weight for the sys-

tem, skin tolerances, edge treatments at panel perimeter joints, and an allowance for

potting of discrete attachments were included.

The graphite-epoxy skin-liner concept utilized 0. 020 in. (0.51 mm)thick skin bonded

to a trapezoidally corrugated liner of varying thickness. Major frames and intermedi-

ate stability framing were the same for both composite concepts.

Weight and cost comparisons among the candidate concepts dictated the selection of

aluminum skin stringer construction for low cost Tugs and graphite/epoxy sandwich

for maximum performance Tugs.
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2.2.1.4 Thrust Structure. The characteristics of the three candidate thrust struc-

ture options are summarized in Figure 2-8. The key characteristic in the evaluation

of the candidates was the location of the support interface and its effect on weight,

cost, complexity, and ease of integration with other structural subsystems.

The body-mounted concept supported the engine from the Tug/adapter interface frame,

permitted thermal isolation of the oxidizer tank, and acted as both meteoroid shield

and purge enclosure. The structure consisted of a 120-degree cone made in two sec-

tions with a field joint allowing access to the oxidizer tank.

The nonintegral tank-mounted concept supported the engine from the access door

attach flange on the aft bulkhead of the oxidizer tank. The structure consisted of a

cylinder, attached to the tank, supporting a cone with the engine gimbal block fitting at

its apex. Radially spaced struts of low thermal conductivity projected from the cone/

cylinder junction to intersect tangentially with the tank wall to alleviate anticipated

softness in the aft bulkhead when subjected to engine gimbal forces. The resulting

redundant tank interface represented a more complex analytical problem, however.

Initial weights analyses indicated no significant difference between the two preceding

concepts when allowances for meteoroid shielding and purge containment were added

to the nonintegral tank-mounted configuration.

As program definition progressed, the tank-mounted configuration became increasingly

attractive (in spite of its evolution into a rather complex hybrid structural system)

since sufficient radial gap existed between the oxidizer tank equator and the body struc-

ture sidewall to incorporate a major frame that could serve as the Tug/adapter

interface, effectively shortening the flight vehicle body structure. The new frame

station was incompatible with a body-mounted thrust structure. In addition it was

CONCEPT

SUPPORTINTERFACE

ELEMENT

CONSTRUCTION

MATERIAL

WEIGHT

BODY TANK (NOT INTEGRAL) TANK (INTEGRAL)

CONE FRUSTUM CONE CYLINOER CONE

SKIN/STGR SANDWICH SANDWICH MONOCOQUE 1 PIECE (MACHINED FORGING)

G RAPHITE/EPOXY GRAPHITEiEPOXY ALUMINUM

77.2 28.9 23.9

Figure 2-8. Thrust Structure Option/Characteristics Summary
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observed that the gimbal assembly operates at cryogenic temperature during engine
firing since it is integral with the propellant injector manifold. Hencethe original
functional requirement to provide thermal isolation of the oxidizer tank from the main
engine was eliminated.

The integral thrust coneprovided a simple configuration conceptthat remedied all the
basic objections to the original tank-mounted concept. By recontouring the oxidizer
tank aft bulkhead, a stiff in-line load path from the thrust coneto the tank membrane
was achieved. In addition, the multipiece strut-stabilized system was replaced by a
single-piece integrally stiffened cone machinedfrcm analuminum forging, which also
acted as a door/sump and incorporated integral provisions for boost pump andpull-
through plate attachment. Accordingly, the integral thrust cone was selected as the
preferred thrust structure concept for all Tugs in the Program Definition task.

2.2.1.5 Meteoroid Shield. No additional shield material is required beyond that

inherently provided by the tank membranes plus body structure skin or purge bag.

This conclusion is based on the highly conservative analysis summarized in Figure 2-9.

The Tug was idealized as a circular cylinder whose total surface area, including ends,

was 1590 ft 2 (147.72 m2). It was assumed to be exposed to the meteoroid environment

at synchronous altitude for a full six-day on-orbit mission duration. No allowances

were made for variations in the Earth defocussing and body-shielding factors as a

function of altitude during periods of ascent to and descent from the mission orbit.

_ _A=l,590FT_. J__Z

• 19,370 ORBIT ALTITUDE

• FSEASONAL = 1.8 (WORST CASE)

• Po = 0995 6DAY
0.00039 ............ "

m(g) I -- --_

0100016 I_ 2-DAY

ZIFT. 21

tre q = K2

355 M 0.352

__j__ __ /A_ SKIN

tB = 0.020 MIN.

MLI S = 6.0

_ \
t T = 0.046 AI LH 2 TANK SIDEWALL

(p)½ (E/p) 1/3

oF\K2 0.4

{N.D.) 0.3

0.2 % /ASSUMED K2
0.1 _

1 2 3 4 5 6

S (IN.)

= 0.011 2-DAY

= 0.015 6-DAY

tavai I = t B + t T = 0.066

• CONCLUSION: NO ADDITIONAL SHIELD MATERIAL REQUIRED

Figure 2-9. Meteoroid Shield Sizing Analysis
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The seasonaldistribution factor (1.8) represents the worst monthly factor per NASA

TM-X-64627. The no-mission-failure probability of 0. 995 specified in the Tug Study

data package was assumed to mean no penetration of the tanks for purposes of this

analysis. Based on the above, a meteoroid design mass of 0. 00039g was calculated.

The total barrier system was assumed to consist of a single 0. 020 in. (0.51 mm)

body structure skin, multilayer insulation (MLI), and a 0.046 in. (1.17 mm) tank

sidewall. The effect of the MLI was ignored.

A conservative value of the factor K 2 for use in the total thickness equation was

assumed from extrapolation of the standard published factors. Computation of the

total required thickness (bumper plus tank) resulted in a value of 0. 015 in. (0.38 mm)

for the six-day mission. Since the available thickness exceeded this value by a factor

of four, no additional shield material was necessary.

2.2.2 THERMAL CONTROL. The thermal control subsystem has two major subsys-

tem elements. These are the cryogenic insulation system, which reduces boiloff and

eliminates cryopumping, and the thermal control system, which protects systems from

the environment, rejects heat where necessary (e.g., astrionics), and adds heat where

necessary (e.g., ACPS bottles).

2.2.2.1 Cryogenic Insulation Systems. Purged, high-performance multilayer insu-

lation (ML1) was selected for insulating the liquid hydrogen and liquid oxygen propel-

lsnt tanks. Other principal candidates included MLI/foam composites, MLI in con-

junction with evacuated double-wall tanks and MLI incased in an impermeable bag

(self-evacuating MLI). Although they offer potentially higher thermal performance

due to reduced preIaunch heat flux, these three systems were rejected due to com-

paratively high weight and/or high development cost and risk. Candidate MLI systems

are shown in Table 2-11. Data is presented for aluminized Mylar systems since it is

more readily available than goldized Kapton data. The systems shown cover the full

spectrum of multilayer insulation types; flat, crinkled, and embossed radiation shields

with integral and nonintegral spacers, and net, paper, foam, tuft, and dimpled spacers.

Although the data shown are for aluminized Mylar polyester shields, aluminized and

goldized Kapton polyimide radiation shields can be substituted with little change in the

magnitudes of the numbers.

Two systems were selected as representative of the generic category of MLI systems

for consideration in the configuration and program definition tasks. Where minimum

development effort is paramount and reduced performance acceptable, system 10,

known commercially as "Dimplar," was selected. Dimplar has been applied to ad-

vanced versions of the high-energy upper stage Centaur launch vehicle. Thus this

system will provide adequate thermal performance with minimum development cost

and risk. System 12 (Table 2-11), referred to as "Superfloc," was selected for use

with configurations where performance was more important. Superfloc has been sub-

jected to considerable subscale thermal and structural testing. Recently a two-blanket,
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Table 2-11. Candidate MLI Systems

NO. RADIATION SHIELD

1 DAM

2 DAM

3 DAM

4 DAM

5 CRINKLED DAM

6 DAM

7 DAM

8 CRINKLED SAM

9 EMBOSSED SAM

10 DIMPLED SAM

11 EMBOSSED SAM

12 DAM

NOTES:

SPACER

SILK NET

NYLON NET

DACRON NET

TISSUGLAS

LAYER

DENSITY

LAY. LAY.

IN.

72

8O

66

100

6O

60

21

40

45

21

128

30

TISSUGLAS

DEXIGLAS

POLY. FOAM

I FLAT DAM

I DACRON TUFTS

CONDUCTIVITY FOR 540 TO 140R (300 to 78K)

DAM, DOUBLY ALUMINIZED MYLAR

SAM, SINGLY ALUMINIZED MYLAR

CM

28

31

26

39

24

24

8

16

18

8

50

12

BULK

DENSITY

LB KG

FT3 M3

4.1 66

3.4 54

2.6 42

3.2 52

1.9 31

3.7 59

1.7 27

0.9 15

0.9 15

1.0 16

2.8 45

0.7 10

THERMAL

CONDUCTIVITY

BTU pW

HR-FT-F M-K

2.4 x 10-5 42

1.7 29

1.0 17

1.4 24

3.9 67

2.8 48

6.0 100

2.6 45

4.0 69

8.0 138

3.3 57

2.7 47

doubly goldized Kapton system complete with purge system and purge bag was mounted

on an 87 in. (2.2m) diameter oblate soheroid tank and subjected to repeated pressure

and temperature cycling (up to 350F _ 450K]) simulating a Space Tug life cycle. Super-

floc possesses excellent interstitial gas venting characteristics and offers maximum

thermal performance for a given number of layers.

The cryogenic insulation subsystem consists of a leakage containment membrane (LCM)

on the tank surface, MLI blanket(s), and an external purge bag with associated purge

hardware. The composite LCM provides a secondary barrier to channel tank leakage

to a location where it can be safely dumped overboard, and the LCM prevents gas from

entering and thermally degrading the MLI. A single MLI blanket consists of 11 Dimplar

layer pairs or 23 Superfloc layers, each blanket approximately 0.75 in. (1.9 cm) thick.

The radiation shield material for both systems can be either aluminized or goldized

Kapton. Face sheets of Kapton/Dacron scrim composite are placed on each side of the

insulation blanket to protect the relatively fragile MLI during handling and to carry

flight loads. The blankets, made in gore sections for bulkheads and rectangular sec-

tions for the cylindrical sidewall, are interconnected with Lexan polycarbonate twin-

and tri-pin fasteners and are attached to the tank by Lexan support pins.

The external composite purge bag effectively seals the MLI between the bag and the

LCM. The bag permits preconditioning of the MLI to remove absorbed constituents
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that may outgas and degrade system performance in space, purging of the system prior

to tanking to remove condensible vapors, and repressurization during entry to prevent

contamination from the ambient environment. The sealed bag protects the MLI at all

times from contamination by water vapor, salt spray, dust, etc. Although additional

analysis is necessary, the sealed purge bag would probably eliminate the requirement

for expensive gold-coating of the MLI radiation shields.

Both MLI systems provide adequate performance for the particular vehicle configura-

tions to which they are applied. The systems were analyzed transiently from steady-

state prelaunch conditions through final space equilibrium. At prelaunch, forced nitro-

gen gas convection external to the vehicle skin and natural helium convection inside the

bag and MLI were assumed. For space residency a constant average solar heat flux

of 141 Btu/hr-ft 2 (444 W/mY), equivalent to: solar constant/q, was assumed incident

on the vehicle skin. Liquid hydrogen tank prelaunch heat flux levels for the ll-layer

pair Dimplar system and the 23-layer Superfloc system were 127 and 111 Btu/hr-ft 2

(400 and 350 W/m2), respectively. Corresponding liquid oxygen tank values were 73

and 64 Btu/hr-ft 2 (230 and 200 W/m2), respectively. In space the final LH 2 tank

equilibrium values for the Dimplar and Superflock systems, including the effect of

penetrations, were 0.39 and 0.19 Btu/hr-ft 2 (1.2 and 0.6 W/m2), respectively.

Corresponding values for the oxidizer tank were 0.43 and 0.25 Btu/hr-ft2 (1.4 and

0.8 W/m2), respectively.

Transient performance of the cryogenic insulation system, and total integrated heat

flow, is dependent upon the mission profile. Figure 2-10 shows a typical heat flux

50I
(472)

0
30--0• 20k 40k

l
60k

TIME FROM LAUNCH, sec

Figure 2-10. Heat Flux as a Function of Time from Launch
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profile for the Program 2 LH2 tank as a function of time. The system was at equilib-

rium before launch and remained inside the Shuttle with the bay doors closed until t =

7200 sec. At this time the doors were opened and the vehicle erected. Heat flux falls

rapidly as interstitial gas vents from the MLI. The layers are subcooled with respect

to the final space equilibrium condition, which accounts for the bucket in the curve.

2.2.2.2 Thermal Control Systems. The function of the Tug thermal control system

is to provide acceptable temperatures for all components throughout the mission.

Major areas are temperature control of the astrionics module, storable ACPS pro-

pellant heating, and fuel cell waste heat rejection. Space radiator was selected for

the fuel cell waste heat rejection and electrical power for ACPS propellant heating as

required. The thermal control of the astrionics module is discussed in the following

paragraphs.

Consistent with the general Tug program objectives of low development cost, low

operational cost, high reliability and adequate performance, a passive thermal control

system has been selected for the astrionics module. An enclosed compartment, or

module, is preferred over an open mounting platform to minimize solar heating per-

turbations and to better distribute the component internally generated waste heat. A

compartment thus provides moderation of component temperature extremes. Due to

the requirement that the Tug be non-selectively oriented relative to the sun, the sys-

tem was designed to minimize the solar heating effect by incorporating a low solar

absorptance coating for the module outer surface. To radiate to space the waste heat

generated by the astrionics electronic components while maintaining moderate sidewall

temperatures, the sidewall surface must have a moderate-to-high emittance. Thus,

the module surface coating has a low absorptance/emittance ratio. Without an active

heat distribution system, component locations must be chosen so that the high heat

dissipating components are dispersed among the lower heat dissipating components.

This provides further moderation of all component temperatures.

The astrionics module sidewall, which provides the area for radiating internally

generated waste heat to space, is approximately 112 ft 2 (10.4 m2). The majority of

the astrionics components are mounted on a heavy aluminum structural ring that is

in turn attached to the inner circumference of the module. The highest heat dissipat-

ing components, computers, are mounted directly to the module sidewall. All surfaces

internal to the module were assigned a high emittance (0.85), characteristic of white

paint. Figure 2-11 shows a typical layout of components in the2astrionics module. The
external surface of the module is insulated with MLI over 28 ft (2.6 m 2) of the available

surface, with the remaining 84 ft 2 (7.8 m 2) coated with silver-backed teflon (q s = 0.07,

¢ = 0.45).

An analytical computer model was used to predict temperatures of the individual astri -_

onics components. The computer solutions are for the space equilibrium condition

with and without solar heating. The results of the analysis are shown in Table 2-12.

The predicted temperatures are within the acceptable range for all components, thus

eliminating a need for module component active thermal control.
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HSE

INST. BOX

SENSOR

SIDEWALL

RADIATION

COATING:

84 FT 2 SILVER-

BACKED TEFLON,

ozs = 0.07, c = 0.45

28 FT2 M LI

IMI

DCU

SCU

MULTIPLEXER-

TAPE RECORDER

DCI SGLS

, TWO QUAD RANTS

50% INSULATED

-DCU

VIEW LOOKING AFT

Figure 2-11. Astriontes Module, Program 1, Layout of

Thermally Significant Components

Table 2-12. Astrionics Module, Program 1, Component

Parameters and Predicted Space Coast

Equilibrium Temperatures

COMPONENT

DIGITAL COMPUTER (3)

REMOTE MU LTIPLEXER

SEQUENCECONTROL UNIT

TAPE RECORDER

INERTIAL MEAS. UNIT (2)

STAR SENSOR
HORIZON SENSOR ELECT.

SERVO INVERTER UNIT (2)

SGLS

POWERAMPLIFIER

COMMAND DECODER

FWD. INSTRUMENT BOX

DIMENSIONS

INCHES

H L W

10 14 16

6 10 12
8 17 10

7 10 12

6 12 12
9 DIA. 21

7 10 12

6.4 12.5 17.3

8 6 13

0.5 4.5 3
3 3.5 5

6 12 12

POWER

ALLOWABLE

TEMPERATURES

DEGREES F

WATTS MINIMUM MAXIMUM

PREDICTED

TEMPERATURES

DEGREES F

MINIMUM MAXIMUM

165 EA.

15

4O

2O

120 EA.

2O

38

70 EA.
24

1

4

2

45 168

0 120

-60 120

0 120

-30 160

10 140
-35 165

-55 154

32 118

32 118

-30 70

0 120

68 121

46 88

48 90

65 91

88 133

54 64

51 93
75 87

51 64

47 60

47 60
54 , 64
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2.2.3 ASTRIONICS. The objective of the astrionics subsystem task was to determine

the characteristics of a broad spectrum of options and then select options representing

classes of components, levels of technology, or levels of capabilities. A secondary

objective was establishing levels of redundancy that would contribute to the Tug reli-

ability goal of 0.97.

The analyses were initiated by converting mission payload and vehicle requirements

into astrionics functional requirements. Candidate configurations were then established

for the subsystem equipment. Analyses and trade studies were performed to ensure

that the candidate can meet the functional requirements. Total astrionics systems

were then synthesized from the subsystem candidates. Astrionics systems were syn-

thesized for various levels of autonomy.

Cost data in the form of Engineering Design & Development (ED&D) costs and TFU

costs were developed at the component level for consideration in the selection of sub-

system elements. This cost data is presented in this section and represents relative

costs. Because of subsequent system refinements, these costs may not correspond

to the final costs used in the Task 5 program definitions.

The nine subsystems for which configurations were developed and which will be dis-
cussed below are:

a. Data management.

b. Guidance and navigation.

c. Guidance update.

d. Flight control.

e. Rendezvous and docking.

f. Communications.

g. Electrical power.

h. Power distribution and control.

i. Instrumentation.

2.2.3.1 Data Management Subsystem. The data management subsystem tasks illus-

trated in Figure 2-12 showed that reliability considerations established a need for re-

dundant computers and that triple redundant central processors and dual redundant

central processors were the configurations recommended for final consideration.

Analyses of the TUG computer software established a need for a computer with a 65k

memory to provide a capacity for future growth. The software analysis is summar-

ized in Table 2-13.
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Table 2-13. Software Requirements Summary Level I Autonomy

PROGRA M MODULE MEMORY

(32 BIT WORDS}

EXECUTION (KOPS/SE C)

EXECUTIVE 3400

ATTITUDE CONTROL 1600

COMMUNICATIONS 7300

DOCKING 1400

GUIDANCE 7000

GUIDANCE UPDATE 8000

NAVIGA TION 5000

ON-BOARD CHECKOUT 5600

RENDEZVOUS 1500

SEQUENCING 5000

THRUST VECTOR CONTROL 2000

47,800

MAIN BURN COAST RENDEZVOUS

18 18 18

17 17

4 4 4

25 25 25

20

70 70 70 70

6 6 6 6

7

5 5 5 5

10

138 165 152 177

DOCKING

18

17

4

32

25

Since the level of autonomy was found to have a significant effect on development costs

and the distribution of total program costs, the relationship of software requirements

to autonomy level was analyzed. The result are summarized in Table 2-14.

Table 2-14. Autonomy Effect on Software Requirements

REQUIRED MEMORY

A UTONOMY WITH RENDEZVOUS WITHOUT RENDE ZVOUS

LEVEL AND DOCKING AND DOCKING

I 47,800 44,900

H 45,800 42,900

III 42,600 40,900

IV 31,800 31,600

NOTE: TRIPLE GIMBALED IMUs REDUCE REQUIREMENT BY 1000 WORDS

A DATA MANAGEMENT SUBSYSTEM WITH DUAL REDUNDANT COMPUTERS

REQUIRES 4000 ADDITIONAL WORDS FOR COVERAGE SOFTWARE
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The need for redundant computers was established by apportioning the vehicle relia-

bility requirement (0.97 for all missions) down to the subsystem level. This apportion-

ment was done parametrically in two steps:

ao The astrionics system reliability was apportioned among the vehicle systems on

the basis of each one' s relative contribution to the vehicle's unreliability. For in-

stance, astrionics may be one of three, four, or five vehicle systems that account

for the total vehicle unreliability. Assuming an equal contribution from each sys-

tem, the astrion[cs system reliability requirement would be 0. 9899, 0. 9924, or

0.9939 for three, four, or five systems respectively as shown in Figure 2-13.

So In a like manner, each of the above astrionics system reliability requirements

were apportioned parametrically to the astrionics subsystems. Assuming that

each subsystem might contribute anywhere from one-half to one-sixth of the

astrionics system unreliability, then the reliability values for any subsystem

would be those shown by the line plotted from the three system requirements.

The shaded area in Figure 2-13 bounds the expected subsystem reliabilityrequire,

ment range. Therefore, the value 0.9965 was used for the subsystem reliabilityre-

quirements, which ultimately supports the vehicle reliabilityof 0.97. For a single

computer to meet that goal would require that its MTBF be equal to or greater than

48,300 hours for a 164-hour mission. A computer with a 65k memory would possibly

DATA MANAGEMENT RELIABILITY GOAL: 0.9965

FOR ANY MISSION

1,0

0.999

8

7

6

0.995

4

3
RELIABILITY

2

1

0.990

9-

8 .

)

61-
0. 98 --

_ EXPECTED DATA MANAGEMENT SUBSYSTEM RELIABILITY REQUIREMENT RANGE:

-- _ 0.9950 <Rs_ <0.9985

- "_L__ ^s_oNicsSYSTEM

_" _ _ _ 0.9939 IF ASTRIONICS llAS ONE-F]
FTH

__ _ _ OF VEHICLE UNRELIABILITY

-- _ _ 0. 9924 IF ASTRIONIC8 HAS ONE-FOURTH

OF VEHICLE UNRELIABILITY

,l l,J I , I I
i_i_1 ! 1 1es 4 3

SHARE OF ASTRIONICS UNRELIABILITY

ASSIGNED TO DATA MANAGEMENT SUBSYSTEM

SIMPLEX COMPUTER

MTBF 184 HOUR MISSION

RELIABILITY

8000 0. 9791

48300 0. 9995

SIMPLEX COMPUTER IS INADEQUATE

Figure 2-13. Data Management Reliability Considerations
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have an MTBF as high as 8000hours. To overcome the large difference betweenthe
reliability capability and requirement, redundantcomputers are necessary in the data
managementsubsystem (DMS).

Figure 2-14 shows the three fault tolerant techniques by which redundancy can be im-

plemented in the DMS. All three techniques were analyzed as candidate options for

the DMS integration approach.

MASKING

TRIPLE III.DUNDANT. VOTING

• IGNOIIES WRONG ANSWER

• NO REQUIREMENT TO DETECT FAILURE

_:XCEPT FOR MAINTENANCE

NECOVERY

DUAL REDUNDANT° COVERAGE

• REQUIIIES DETECTION OF FAILURE TO INITIATE REPAIR ACTION

• COVERAGE IS CONDITIONAL PROBABILITY THAT FAILED UNIT _A'ILL

BE DETECTED AND DISCONNECTED WITHOUT LOSS OF ESSENTIAL

FUNCTION.

GENE RAI, SPARING

• REQUIIIES DETECTION OF FAILURE TO INITIATE REPAIR ACTION

• REQUIRES LOADING OF SPARE COMPUTER W|Tll FAILED COMPUTER

PROGRAM AND DATA

Figure 2-14. Three Fault Tolerant Computer Systems Are Candidates

Table 2-15 shows the technical and cost factors used as criteria for evaluating the re-

dundant computer system candidates for the DMS.

Where low cost and early availability are major considerations, the triple redundant

central computer is the recommended subsystem option. When low weight or low

operating cost is the basis for choice, the dual redundant central computer configura-

tion is recommended for a 1983 IOC. Block diagrams and relevant weight and cost in-

formation for these recommended subsystem options are shown in Figure 2-15. The

configuration of federated computers with a general spare computer is heavier and

costs more than the other options and it represents a high technical risk.
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Table 2-15. Data Management System Comparison

REDUNDANT

CONFIGURATION

TRIPLE CENTRA L

TRIPLE CENTRAL & DEDICATED

TRIPLE FEDERATED

DUAL CENTRAL

DUAL CENTRAL & DEDICATED

DUAL FEDERATED

FEDERA TED WITH

GENERAL SPARING

TECH_CAL

79 IX) 165

79 IX) 195

79 IX) 256

83 MOD 124

83 MOD 160

HI 196

83 HI 200

COSTS IN MILLIONS OF DOLLARS

/+

O

9 8 20 25 4 49

9 8 20 30 5 55

9 8 21 35 5 61

13 12 27 23 3 53

14 11 28 28 3 59

9 16 28 29 3 60

17 16 36 34 4 74

TRIPLE CENTRAL OPTION
DUAL CENTRA L OPTION

_--J I/O

CENTRAL CONTROLLERS

PROCESSORS

DA TA

BUS

DATA _]A NAGEI%IENT

Triple Central

Pual Central

CE NTRA L

PROCESSORS

_'E IGHT ED&D

(LB$) ($M) .

165 8.9

124 13.4

TFU

($M)

2.46

2.27

DA TABUS

I/O CONTROLLER

& SWITCH

Figure 2-15. Recommended Options for Data Management Subsystem
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2.2.3.2 Guidance and Navigation Subsystem. The guidance and navigation subsystem

tasks illustrated in Figure 2-16 showed that both strapdown IMUs and gimbaled IMUs

were investigated for existing and advanced technology. Due to the reliability require-

ment for the vehicle, redundant equipment was needed. The configurations recom-

mended for final consideration were a triple redundant, gimbaled IMU, a dual redun-

dant strapdown IMU, and a dual redundant electrostatic gyroscope navigation system.

TA SK 2 TA SK 3

SURVEYED 3 STRAPDOWN IMU8

3 GIMBALED IMUs rJk

INVE STIGA TE D
• COST

- LAUNCH VEHICLES AND SHUTTLE SYSTEMS • WEIGHT

• RISK
- ADVANCED TECHNOLOGY ESG SYSTEM

ESTABLISHED REQUIRED REDUNDANCY LEVELS

PER FORMING GUIDANCE A CCITRA CY A NA LYSES

• TRIPLE REDUNDANCY GIMBALED

• RELIABILITY (CAROUSEL FOR SHUTTLE)

_e DUAL REDUNDANT STRAPDOWN(DIGS)

• DUAL REDUNDANT ESG

(MICRON)

SPECIFIC COMPONENT SELECTION

REPRESENTS CLASS OF COMPONENTS

AND TECHNOIX)GY

Figure 2-16. Guidance and Navigation Subsystem Task Summary

The weights and costs developed for the configurations recommended for final con-

sideration are shown in Figure 2-17 with symbolic block diagrams. The triple re-

dundant gimbaled IMU was the configuration selected for low development cost

astrionics systems. The dual ESG IMU configuration was selected for low weight
astrionics systems.

An analysis of mission accuracy was made, which showed that the ability to meet the

specified accuracy requirements depended on update system accuracy and the points

in the missibn where updates were made. Figure 2-18 summarizes the tasks under-

taken to assess the effects of guidance update on the navigation accuracy. Both the

synchronous equatorial and polar missions were considered.

A typical summary of guidance accuracy results is shown for the synchronous mission

in Table 2-16. The results show that guidance update is required for payload deploy-

ment and that position, velocity, and attitude must be updated to meet the required

attitude envelope for shuttle rendezvous, which is +17.5 n. mi. for the largest allow-
able altitude error.
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TRIPLE GIMBALED

IMUs

(CAROUSEL SS)

DUAL STRA PDOWN

IMUs

illj
(DIGS)

DUAL ESG

IMUs

Iil
! I

(MICRON

Figure 2-17.

GUIDANCE & NAVIGATION

,,

Triple Gimbaled

Dual Strapdown

Dual ESG

WEIGHT

(LBS)

,

135

78

30

ED&D

($M)

4.2

7.9

5.5

TFU

($M)

1.68

1.20

0.30

Weights and Costs for Recommended Navigation Configurations

• ANALIZE FOUR CONFIGURATIONS FOR TWO TUG MISSIONS

• HAMILTON-STANDARD (DIGS) • SYNC. EQ.

• HONEYWELL (H-448) • POLAR

• HONEYWELL (IMPROVED CENTAUR)

• CAROUSEL (VB)

• DETERMINE BASELINE GUIDANCE ERRORS

• NON-UPDATE CASE

• ERROR DATA (TNR COORDINATES) AT EACH BURN

• DETERMINE EFFECT OF PREDEPLOYMENT GUIDANCE UPDATE

• DETERMINE EFFECT OF PRERENDEZVOUS GUIDANCE UPDATE

• POSITION, VELOCITY, AND ATTITUDE

• POSITION AND VELOCITY ONLY

Figure 2-18. Guidance Update Effects Tasks
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Table 2-16. Guidance Accuracy Results Summary

• PAYLOAD DEPLOYMENT ERRORS

WITHOUT UPDATE

UPDATE AT MES 1

UPDATE AT MES 3

REQUIREMENT

POSITION NM ALTITUDE NM VELOCITY FT/SEC

RSS (la) (la) RSS (le)

100.22 38.67- 66.68

73.23 21.95 49.55

0.25 0.15 5.20

31.67 23.33 29.33

• SHUTTLE RENDEZVOUS ERRORS

POSITION NM

RSS (la)

WITHOUT UPDATE 2691.29

UPDATE AT MES l 1658.3

UPDATE AT MES 5 182.0

POSITION & VELOCITY ONLY

UPDATE AT MES 5 13.0

POSITION, VE LOCITY & ATTITUDE

ALTITUDE NM INCLINATION DEG

RSS (I_) (Iv)

273.5 o.28

88.5 0.51

20.9 0.45

1.6 0. 014

2.2.3.3 Guidance Update Subsystem. The tasks relatedto the guidance update sub-

system summarized in Figure 2-19 showed that autonomy is closely related to the

update technique. Three update configurations were investigated and each represented

a different autonomy level.

TASK 2

INVESTIGATED 3 UPDATE TECHNIQUES:

AUTONOMY LEVEL I - HORIZON SENSOR/STARSENSOR

II - HORIZON SENSOR/SUNSENSOR

Ill & IV - HORIZON SENSOR/SUNSENSOR

WITH GROUND TRACKING

SURVEYED 6 HORIZON SENSORS

8 STARSENSORS

1 SUNSENSOR

NAV SAT RECEIVERS
)

ESTABLISHED UPDATE ACCURACIES

DETERMINED SIMPLEX REDUNDANCY ADEQUA CY

EXPLORED G I/IDA NC E A CC LIRA CY IMPROVE MENTS FROM

FROM UPDATE SCHEMES

SE LE CTED

SPECIFIC COMPONENTS

TO REPRESENT CLASSES

OF COMPONENTS

TASK 3

ALL THREE

UPDATE SCHEMES WERE

OPTIONS FOR TRADES

AND ANALYSES

Figure 2-19. Guidance Update Subsystem Task Summary
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The componentsselected for three autonomycategories are summarized in Table
2-17 together with cost and weight data. For high autonomy/low development cost as-

trionics systems, the star scanner is recommended. For low autonomy/low develop-

ment cost systems, the ground tracking configuration is recommended. Weight is not

a significant factor between these two choices.

Table 2-17. Guidance Update Options Summary

A UTONOMY LE VE LS

Ill _ Vv' II I

HORIZON SENSOR AND

SUN SENSOR

(FOR ATTITUDE UPDATE)

GROUND TRA CKING

(FOR POSITION &

VELOCITY UPDATE)

HORIZON SENSOR AND

SUN SENSOR

(FOR A TTITUDE UPDA TE)

NAVIGA TION SA TE LLITE

RECEIVERS/ANT

(FOil POSITION &

VELOCITY UPDATE)

HORIZON SENSOR AND

STA R SENSOR

_A]TH STAR

CATA LOG SOFTWARE

(FOR ATTITUDE,

POSITION AND

VELOCITY UPDATE)

WEIGHT ED&D TFU
GUIDANCE UPDA TE

(I.BS) (SM} (S\I)

Autonomy Level III& IV

Autonomy Level II

Autonomy Level I:

Star Scanner

Star Tracker

-t8

74

51

65

6.5

7.0

0..I 3

.5_

2.2.3.4 Flight Control Subsystem. The flight control functions are implemented by a

subsystem that provides thrust vector control through either a triple redundant electro-

mechanical actuator or a high pressure hydraulic pump serving the servo actuators for

engine gimbaling. The high pressure hydraulic pump is engine driven. An electric-

motor-driven, low pressure pump is used to circulate hydraulic fluid for thermal con-

ditioning and for prepositioning the engines to the neutral position for start. The

hydraulic system is preferred until the extended mission time makes it difficult to

achieve the thermal conditioning required to prevent the hydraulic system from be-

coming too cold to function properly.

The central computer of the data management subsystem provides the timing and se-

quence of operational commands. As shown in Figure 2-20, the commands are trans-

mitted to the main engine gimbal actuator through the servo controller and to the

reaction control jets through the sequence controller. The movement and control of
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C ENTRA L

PROCESSOR

(DIGITAL

CONTROL

COMPENSATION

& s_kqTCIIING

IADGIC)

ENGINE

ANGLE

• COMMAND

_i CONTROLt_!il]
UNIT iil

MAIN

ENG INE

G IMBA L

A CTUA TOR

IsEouENcE
_'l CONTROLfill

REACTION JET I UNIT Iiil]

COMMAND I fil]

REA CTION

CONTROL

JI':TS

PITCH & YAW •TIIRUST VECTOR

CONTROL

PITCH, YAW

& ROLL

ATTITUDE

C ON'F RO L

I:I,IGHT CONTROL

_3-: IG li'F ED&D

(LBS) _'SM)

50 6.6

I
I TFU

($M)

J
0.22

Figure 2-20. Flight Control Subsystem

the position of the main engines is accomplished by a redundant servoamplifier in the

servo control unit in response to position commands obtained from the computers in

the data management subsystem.

2.2.3.5 Rendezvous and Docking Subsystem. The summary of tasks related to the

rendezvous and docking subsystem in Figure 2-21 shows that the laser radar is the

recommended sensor for use with the payload. The use of television to assist with

docking is a possibility. Only rendezvous with the Shuttle is required, implying navi-

gation to the vicinity of the Shuttle. When the Tug is in the vicinity of the Shuttle, the

Shuttle assumes active control of the relative maneuvering and docking actions.

The expected range of the laser radar is 30 n. mi. with 125 watts input power oper-

ating with a skin target on a noncooperative payload. The relationship between the

range of the sensor and the altitude difference between the Tug and the payload is

shown in Figure 2-22. Table 2-18 shows the effect of altitude uncertainty on the limits

for sensor field of view. The guidance update techniques are capable of meeting alti-

tude uncertainty limits to assure that the payload is within the *15-degree field of
view.
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TASK 2

SURVEYED 4 RENDEZVOUS SENSORS:

- I.ASER RADAR

MICHOWAVE RADAR

TE LE VISION

RF RANGING SYSTEMS

- TACAN

- AROD

- CR lOO

INCORPORATED DUAL LASER [t.ADARS

FOR REQUIRED RELIABILITY

DELETED MICROWAVE RADAR

LACKS SHORT I'tANGE

LIMITED SKIN TItACK IrA NGE

DELETED RF RANGING SYSTEMS

• EQUIVALENT OF GROUND

TRANSPONDER ON TUG

• COMPLEX ANTENNA,

HEAVY

TASK 3

FOR SHUTTLE RENDEZVOUS

• NAVIGATE TO VICINITY

0 USE COMMUNICATIONS SUB-

SYSTEM FOR RANGING

• SHUTTLE SUPPLIED

BEARING INFORMATION

FOR PAYLOAD RENDEZVOUS

& DOCKING

• NAVIGATE TO VICINITY

WITHIN RAN GE OF LASER

RADAR

• USE LASER RADAR _q[TH

OR WITHOUT TV FOR

DOCKING SENSOR

Figure 2-21. Rendezvous and Docking Subsystem Task Summary

TUG/PAYLOAD RENDEZVOUS

DRIVING MISSION REQUIREMENT

(CIRCU LAR ORBIT CASE)

VERTICA L

DISTANCE

BELOW

PAYLOAD

fN.M.)

2.5

lO

20

HORIZONTA L DISTANCE BEHIND PAYLOAD (NM)

I0 20 30

I J 1
I

FOV

NA VIGA TION A CCURA CY

Loo_ / _\\ / RZQUmEMENT
TUG ANGLE[ "_/ IS A FUNCTION OF:

-- TARGET i ,_

h LTITUDE t..'Cv / $ RENDEZVOUS SENSOR RANGE

DIFFERENCE _,_'/ • TARGET A LTITUDE FOR
"_'/ CI RC U LA RIZA TION

._a_O'_/" • I._)OK ANGLE TO PAYLOAD

_v/ •RENDEZVOUS SENSOR FIELD

OF VIEW

Figure 2-22. Laser Radar Range Performance
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Table 2-18. Effect of Altitude Uncertainty onPayload Acquisition

FOR FOR

PAYLOAD WITHIN A LTITUDE UNCERTAINTY

TARGET i15 DEG FOV OF ±5 N.MI.

A LTITUDE LOOK A LTITUDE PA YLOAD WILL

BELOW P/L ANGLE UNCERTAINTY BE WITHIN

10 N.M. 19.4 DEG *7.5 N.M. ±10.5 DEG FOV

15 N.M. 30 DEG +7 N.M .11.5 DEG FOV

-6.5 N.M.

20 N.M. 41.6 DEG +6.5 N.M. .14.5 DEG FOV

-5 N.M.

The autonomy level is related to the choice of TV for assistance with payload docking.

The TV system requires ground support, which not only affects the weight of the on-

board equipment but also the subsystem development costs. For astrionics system

configurations that require payload rendezvous and docking, the autonomous subsys-

tem is recommended. The rendezvous and docking subsystem characteristics are
summarized in Table 2-19.

Table 2-19. Rendezvous and Docking Subsystem Summary

AUTONOMY LEVELS AUTONOMY LEVELS

[ & II Ill & IV

A UTONOMOUS GROUND SU P PORT

• DUAL REDUNDANT LASEH

RADAR

• DUAL REDUNDANT LASER

RADAR

• "iV SYSTEM

• FM TRANSMITTER & pOWER

AMPLIFIER

RENDEZVOUS & DOCKING

Autonomous

Ground Support

%_ [G HT

(LBS)

60

98

ED&D TFU

($M) . (SM)

8.4

10.2

1.88

2.32
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2.2.3.6 Communications Subsystem. The development of the communications sub-

system involved the following tasks:

DESIGNED 2 COMMUNICATIONS SUBSYSTEMS:

(NASA) UBB COMPATIBLE _ TUG/GROUND/SHUTTLE LINK

(_OD)SGL8 COMPATIBLE f TUG/PAYLOAD LINK

• INCORPORATED DUA L REDUNDANCY IN TUG/GROUND/SHUTTLE LINK.

• ESTABLISHED COMMON INTERFACES FOR INTERCHANGE OF USB AND SGLS SYSTEMS.

The main consideration in the equipment design was the transmitter power required

to transmit from the Tug to the ground and to the payload. As shown in Table 2-20,

DOD has missions that require a transmission range of 58,000 n. mi. at 16 kbps.

This radio range requires a transmitter power of 11.0 watts. This power gives a

Tug-to-Orbiter range of 110 n.rni. A standard transmitter rating is 10 watts; conse-

quently, this was the transmitter rating recommended.

Table 2-20. DOD Communication Requirements

20,000 N.M. OR LESS 160 MISSIONS 75% OF MISSION MODEL

25,000 N.M. 28 MISSIONS 12.5% OF MISSION MODEL

58,000 N. M; 27 MISSIONS 12.5% "

TRANSMITTER

LINK RANGE DATA RATE POWER

TUG TO GROUND 58 K.N.M. 16 KBPS 11.0 WATTS I

TUOTOO BITE I 110N.M. I 16 PS 11.0WA S

ORBITER TO TUG II0 N.M. 2 KBPS ERP = 49.1 dbm

TUG TO PAYLOAD [ 40 N.M. 2 KBPS 10 WATTS

PAYLOAD TO TUG 40 N.M. 16 KBPS ERP = 28.4 DBM
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Table 2-21 summarizes the NASA mission radio transmission requirements and capa-

bility. Due to the large ground receiving antennas, the power required for data trans-

mission is 0.25 watts. A 10-watt transmitter is installed to provide commonality

with the DOD subsystem and to provide a 35 n. mi. range from the Tug to the payload.

Table 2-21. NASA Communication Requirements

20,000 N.M. OR LESS 229 MISSIONS 97% OF MISSION MODEL

30,000 N.M. 6 " 3% "

TRA NSMITTE R

LINK RA NGE DA TA RA TE POWE R

16 KBPS .25 WATTS

TUG TO GROUND 30 K.N.M. TV *'66.1 WATTS

TUG TO ORBITER [ 93.3 N.M.I 16 KBPS 10 WATTS
| !

ORBITER TO TUG 93.3 N.M. *8 KBPS ERP = 46.5 dbm

!

TUG TO PAYLOAD I 35 NoM° | *8 K'BPS 10 WATTS

PAYLOAD TO TUG 35 N.M. 16 KBPS ERP = 28.3 dbm

*CODED

**TV POWER REQ. @ 20,000 N.M. = 15 WATTS

Figures 2-23 and 2-24 show the communication subsystem block diagrams, weights,

and costs for the DOD and NASA missions respectively.

2.2.3.7 Electrical Power Subsystem. The tasks related to the development of the

electrical power subsystem are summarized in Figure 2-25. Fuel cells were selected

as the candidates for the electrical power source because of the weight of batteries

needed to meet the load requirements. Batteries were reconsidered in Task 5 for the

low development cost, short mission duration Program 1; however, it was found that

the dry weight of the battery system exceeded the fuel cell system by over 700 lb

(318 kg), resulting in a deployment payload loss of about 2000 lb (907 kg).
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DOD TUG /GROUND/SHUTTLE LINK
O%1NI I}IR F:I'TIONA L
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DOD TUG/PAYLOAD LINK
OMNIIRRE('TION _ L

H F('F:IVING %N1[ NN%
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I _ _ NSMITTING

_N II:NNA

(IIMMAND

q H10 WATT ('1 _MM \ND _ FROM TUG

TIIANS MITTEil C,E NE RA qX)R _ i I }_*lN

l

r,, I ;=} TOTu_I,,,_

Figure 2-23. DOD Communications Subsystem Characteristics

NASA TUG/GROUND/SHUTTLE LINK
OMb0DIIIE(' FIONA L

RECEIVING ANTENNA _ _ PAYLOAD COMMAND

U[ L'I F [I IIEC¢ )DER SYSTEM

MODIFIED

TRANN_NllER -- : TUG DATA

2200-23¢RI MIIZ

TRANSMITTIN( _ P_ : PAYIAgADITUG DATA

_ N'FENNA

SYSTEM _ ,

10 WATT I

I e_.=.._ I TRAmMITTER I

2025-2120 MII --T._=;-mr........... "1 [
...... t -,',,'TAM_ _.._._ _M [ ..... TV_V,_,0N

/ ,,0w : / E×C,T_RI
L- ......... ] t. .........

NASA TUG/PAYLOAD LINK

WEIGHT

(LBS)
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ED&D *

($M)

12.1

TFU *

($M)

i. 09NASA USB

* TOTALS FOR BOTH USB & SGLS
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• DATA TO TUG
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Figure 2-24. NASA Communications Subsystem Characteristics
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TASK 2

SURVEYED 3 FUEL CELLS REPRESENTING

SHUTTLE TECHNOLOGY

ADVA NCED TECHNOLOGY (LIGHTWEIGHT)

SURVEYED 3 TYPES OF BATTERIES

SILVER OXIDE-7[NC

NICKEL CADMIUM

A DVA NC E D TE CH NO LOGY-LITH IUM

TASK 3

SELECTED BOTH SHUTTLE AND

ADVANCED TECHNOLOGY FUEL

CELLS FOR SYSTEM CANDIDATES

(PRATT & WHITNEY UNITS)

BATTERIES DELETED AS PRIME SOURCE

• HIGH POWER USAGE - 1.5 TO 2.2 KW

PRATT & WHITNEY UNITS IDENTIFIED

• BETTER PERFORMANCE AT LOW REACTANT PRESSURES

• FEWER CELLS

• LOWER HEAT REJECTION

Figure 2-25. Electrical Power Subsystem Task Summary

Figure 2-26 shows a schematic block diagram of the interface of redundant fuel cells

and the costs and weights associated with two versions of fuel cells being developed.

III:\CI _NTS ]

UNIT

FUEL (:ELL

UNIT

MONITOR &

CONTROL _ ON/OFF
MO DU LE

DA TA

;L

PO_R

Modified Shuttle

New Advanced

BUS

WE IGHT

(LBS)

336

141

ED&D TFU

($M) . ($M)

5.3 1.40

9.4 1.12

Figure 2-26. Fuel Cell Subsystem Characteristics
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The modified Shuttle unit is recommendedfor low developmentcost astrionics sys-
tems, but the new advancedunit is recommendedfor low weight astrionics systems.

2.2.3.8 Power Distribution and Control Subsys_m. The block diagram of the power

distribution and control subsystem, and the corresponding weight and costs, are shown

in Figure 2-27. A power control unit is installed at each end of the vehicle. The re-

mote power controller (RPC) performs the switching function in response to commands

over the data bus from the data management subsystem computers.

II

FWD POWER

CONTROL UN|T

R I 'l

-[3
4121

t

MONITOR /,

CONTROL

.... MODU LE

EMERGENCY LOADS

I. COMPUTEII (3}

2. GUIDANCE (3}

3. FUEL CELL CONTROL

4. OTItEII FUNCTIONS

I

WE IG HT

(LBS)

DISTRIBUTION & CONTROL 176

DATA BUS{_

II

A FT POWE R
CONTROL

UNIT

RPC

p--,! i i.,,,,,--,,,,--

2

t _

r _

123

I PC II II rl

I

ED&D TFU

($lVI) ($M}

4.8 0.25

Figure 2-27. Power Distribution and Control Subsystem Characteristics

2.2.3.9 Instrumentation Subsystem. A minimum of operational flight instrumentation

is provided to meet the requirements shown in Figure 2-28. The instrumentation sub-

system weight and cost characteristics are also shown in Figure 2-28. There is a re-

quirement for additional analyses in the instrumentation area to relate in more detail

the maintenance and refurbishment approach to the required flight instrumentation.

2.2.4 PROPULSION

2.2.4.1 Main Propulsion. The candidate main engines considered in the Tug Systems

Study were the RL-10 Cat I, RL-10 Cat II, RL-10 Cat IV, Advanced Space Engine
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REQUIREMENTS FOR SAFETY &/OR CONTROL

STRUCTURE

TANKS PRESSURES - TEMPS

PROPULSION

MAIN ENGINE TEM P- PRESS-SPEED-POSITION

PRESSURIZATION TEMPS - POSITION
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REQUIREMENT FOR FLIGHT DATA

PROPULSION AND THERMAL SYSTEM POST-FLIGHT

V,_IGHT I ED&D I TFU I

(LBS) {S,M) ($M)

I I '60 1.0 I 0.24

EVA LUATION

INSTRUMENTATION

Figure 2-28. Instrumentation Subsystem Characteristics

(ASE), and the Aerospike. Results of major trade studies and analyses conducted to

establish optimum main engine and main propulsion subsystem characteristics are
summarized in this section.

Thrust Level - The results of a trade study conducted to determine the optimum

thrust level for the advanced Tug engines are summarized in Figures 2-29 and 2-30.

Figure 2-29 shows the incremental effect of thrust level on retrieval payload for both

one and two perigee burn missions. Figure 2-30 shows the effect of thrust level on

retrieval and planetary payloads and thrust/weight for the ASE.

These data indicate that the peak retrieval payload for the RL-10 Cat IV and the ASE

occurs for a thrust of about 14,000 lb (62,204.N) with a single perigee burn and about

9000 lb (39,989N) for two perigee burns. The Aerospike performance peaks at about

20,000 lb (88,864N). Planetary performance is much more sensitive to thrust level

with the peak occurring above 25,000 lb (111,080N) and falling off rapidly for thrusts

below 20,000 lb (88,864N). With thrust levels above 20,000 (88,864N) the load factor

exceeds 3.3g.

At the end of the subsystem analyses task the recommended thrust levels were

15,000 lb (66,684N) for the RL-10 Cat IV and 20,000 lb (88,864N) for the ASE and

Aerospike. These recommendations were acceptable and used in the program defini-

tion analyses. In the configuration analyses, task 3, an ASE thrust of 15,000 lb was
used.

Mixture Ratio - Mixture ratio optimization studies were made for all candidate en-

gines. The trade is between the loss of performance due to decreasing Isp with
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increasing mixture ratio and the decrease in inert weight (increasing performance) and

length with increasing propellant bulk density. Since the trade results are somewhat

configuration dependent, the trade was conducted prior to both task 3 and 5. A typical

plot of the results from the trade conducted in support of the program definition task

is presented in Figure 2-31. A constraint that must be introduced when using the re-

sults is that the stage length is less than 420 in/35 ft (10.68m). Results for all the

engines are presented in Table 2-22.
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Table 2-22. Mixture Ratio Trade Summary

MIXTURE RATIO FOR 420" STAGE
ENGINE PEAK ISP PEAK PAYLOAD DEPLOY RETRIEVE

CATEGORY I <4.5 5.1 4.6 5.2

CATEGORY liB 5.1 5.3 - 5.4

CATEGORY IV 5.3 5.3 - 4.95

ASE 5.3 6.4 - 5.1

AEROSPIKE 5.0 ,5.6 - -

The data shows that peak performance is obtained at mixture ratios greater than the

peak Isp value. For the Cat I and IIB engines, a mixture ratio greater than that for

peak performance js required to meet the stage length constraint.

Many of the Tug missions (including deployment missions for Programs 2 and 3) re-

quire off-loading of propellant to meet the stage gross weight constraint, since the

tanks are sized for the retrieval mission (no payload aboard at launch). When off-

loading, maximum performance is obtained by off-loading so as to decrease MR

toward or to the value for peak Isp (more LO 2 off-loaded than LH2).
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Nozzle Expansion Area Ratio - The results of area ratio trade studies for RL-10

Cat II, Cat IV, and ASE are summarized in Figure 2-32. The tradeoff in area ratio

is between increasing performance (Isp) and increasing weight and nozzle size with

increasing area ratio. This data shows that payload is still increasing at the highest

area ratios considered for all three engines. No area ratio studies were made for

Aerospike since the NASA supplied data was for the highest area ratio consistent with

the cooling limits.

Tank Head Idle Mode (THIM) - All of the advanced engines have as an option the capa-

bility of operating on vehicle supplied pressure (tank head} without running the engine

turbopumps, producing 1/2 to 1% thrust with relatively high Isp (_400 sec} (3922.6N-

sec/m}. THIM can be used to replace the overboard dump cooldown required for

Cat I engines, nearly eliminating losses due to cooldown, and can be used for small

vehicle AV maneuvers of 3 to 100 ft/sec (0.914 to 30.5 m/see}. Table 2-23 shows the

payload benefits obtained with THIM for a typical synchronous equatorial mission with

six main engine burns (cooldowns) and a sum of 300 ft/sec (91.4 m/see} in low AV of

50 to 200 ft/sec (15.24 to 60.96 m/see} maneuvers. Use of THIM increases payload

462 lb (209.5 kg), 178 lb (80.74 kg) in cooldown and 284 lb (128.8 kg) maneuver AV

savings.

_3
.J

C_

>-

t.U

Z
LU

LM

I.g

+80O
(362.9)

+400

(181.4)
i

0

-200

(-90.72

RL-10 CAT II __

(DEPLOYMENT) _

IR TR EVAL/ RL10CATIV

I I .... I
100 200 300

AREA RATIO

Figure 2-32. Area Ratio Optimization

I
4O0

2-51



Table 2-23. Payload Benefit for Adding Tank Head Idle Mode (THLM)

NO THIM WITH THIM

COOLDOWN/SETTLING

MAIN PROPELLANT WEIGHT, LB (KG)

MAIN AV, FT/SEC (M/SEC)

APL, LB (KG)

ACPS PROPELLANT WEIGHT, LB (KG)

AV, FT/SEC (M/SEC)

APL, LB (KG)

LOW AV MANEUVERS

SYSTEM

PROPELLANT, LB(KG)

AV, FT/SEC (M/SEC)

APL, LB (KG)

TOTALAPL, LB (KG)

PAYLOAD BENEFIT FOR

THIM, LB (KG)

148 (67.13) 116 (52.6)

0 70 (21.34)

-89 (-40.37) -10 (-4.53)

125 (56.7) 0

36 (10.98) 0

-89 (-40.37) 0

ACPS MAIN THIM

941 (426.83) 554 (251.3)

300 (91.44) 300 (91.44)

-517 (-234.5) -223 (-101.15)

-695 (-315.25) -233 (-105.69)

"+462 (209.56)

Two Phase Pumping (Zero Tank NPSP I -- All of the advanced engines offer this option

in which the engine is designed to operate in the Tug with "zero tank NPSP," i. e.,

the propellant tanks are self pressurized as in Centaur, but boost pumps are not re-

quired. To replace the boost pump, the engine is equipped with large diameter, low

speed (except in Cat IIB LH 2 pump) inducers upstream of the main pumps, designed

to pump mixed-phase propellants with up to 40% vapor (typically) by volume.

Boost pumps and two-phase pumping system weights are compared in Table 2-24.

With self pressurization, tank pressure equals the propellant vapor pressure, which

decays during engine firings due to boiloff into the increasing ullage volume. To meet

the engine minimum inlet pressure constraint of 16.0 psia (10.93 N/em 2) the two-

phase system tank pressures must be higher than for the boost pump system, where

the 16.0 psia (10.93 N/cm 2) is supplied in part by the boost pumps. The increase in

engine inducer, tank, feed line, and residual weights for the two phase system is

only in part off-set by the boost pump drive and power supply, resulting in a 111 lb

(50.35 kg) advantage for the latter. Since the boost pump system is lighter and is

state-of-the-art (used on all Centaurs) while a complete two-phase system (vehicle

plus engine) has never been demonstrated, the two-phase option was not recommended

for Tug.
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Table 2-24. Comparison of Boost Pump and Two-Phase Pumping Systems

BOOST TWO-PHASE
PUMPS PUMPING

MINIMUM ENGINE INLET PRESSURE (PSIA)

MIN. INITIAL PV (PSIA)

TANK DESIGN PRESSURE (PSlA)

FEED LINE DIA. (IN.)

WEIGHT PENALTY (LB)

RESIDUALS H2/02

TANK

H2
O2

FEED LINES

BOOST PUMPSYSTEM

PUMPS& MOTORS

INVERTERS

BATTERY

ENGINE (INDUCERS)

TOTAL, LB (KG)

AWEIGHT

ADVANCED TECHNOLOGY REQUIREMENTS

16.0/16.0 16.0/16.0

! 16.0/16.0 22/17.5

20.0/20.0 26/21.5

2.5/2.5 3.2/4.6

0 40/17

0 110
0 13

0 36

25 0

55 0

48 0

0 23

128 (58.06) 239 (108.41)

0 +I 11 (50.35)

NO YES

Propellant Management - Analyses were made to compare open and closed loop pro-

pellant utilization (PU) control for a typical eight-burn Tug mission. Results for the

open loop case, summarized in Table 2-25, show that with optimum fuel biasing, 3cr

residuals are 316 lb (143 kg) or 0.56% of loaded propellant. Use of a closed loop PU

system of 0.25% accuracy (residuals 0.25% of loaded propellant)would reduce 3¢r resid-

uals 175 lb (79.38 kg) and increase deployment payload 845 lb (383.3 kg) and retrieval

payload 500 lb (226.8 kg). Atlas and Centaur closed loop PU systems are currently

achieving accuracies substaatiaUy better than the assumed 0.25%. Continuous pro-

pellant mass sensing probes supplemented by overfill and depletion point sensors are

required for propellant loading, since different missions require widely varying

degrees of off-loading, some as low as 15% capacity (85% off-loaded). These probes

are required for PLIS. The Tug has an onboard computer and the engine mixture

ratio control capability; therefore, the essential elements of a closed loop PU system

are available, requiring only the addition of software in the computer for implementa-

tion. Thus, closed loop PU control was selected for all Tugs.
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Table 2-25. Residual Analysis for Open Loop Propellant Management

EQUIVALENT LO2ERROR, LB (KG)

ENGINE MIXTURE RATIO

FULL THRUST OPERATION

IDLE MODE OPERATION

PROPELLANT TANKIN6

VEHICLE BOILOFF

ENGINE CHILL USE

TANK PRESSUREUSE

+ 950 (430.92)

+ 49 (22.23)

+ 537 (243.5)

+ 126 (57.15)

+ 100 (45.36)

+ 34 (15.42)

RSSTOTAL = + 1105 EQ. LO2 (501.23)

EQ. FUEL = + 184 (83.46)

FUEL BIAS = 132 (59.86)

3ORESIDUAL = 316 (143.34) [0.56% ]

Boost Pumps Versus Pressurization Trade Study - A trade study was made to com-

pare performance of Tugs using boost pumps and gaseous pressurization systems.

Basic system configuration assumptions were:

a. Boost Pumps - A state-of-the-art system (similar to S-II and S-IVB recireula-

tion systems) using electric-motor-driven pumps supplied with ac power from a

battery and inverters.

bo Pressurization - An advanced state-of-the-art system, the lowest in weight of all

pressurization systems for the multiple-start Tug mission. Helium stored in high-

pressure bottles in the LH 2 tanks is preheated in a helium/water heat exchanger

for LH2 tank ullage prepressurization. After engine start, the LH 2 tank is pres-

surized autogenously with GH 2 bled from the engine. Cryogenic helium is injected

as bubbles into the bottom of the LO 2 tank, causing LO2 boiloff (to obtain proper

partial pressure balance in the bubbles), so that the tank is pressurized by a

helium/GO2 mixture. A regulation band of _-0.5 psi (0. 342 N/cm 2) was assumed.

For both the boost pump and pressurization systems, a relief valve with a band of

+1.0 psi (0.6835 N/cm 2) was assumed with the bottom of the band at the highest tank

operation pressure.

Results of the study are summarized in Table 2-26. The study was performed for two

different vehicles, one using a Cat I and one the Cat IIB RL-10 engine. The Cat IIB

engine has a lower prestart pump inlet pressure requirement, a major driver in
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Table 2-26. Summary of Boost Pump Versus Helium/Autogenous

Pressurization Trade Study

ENGINE REQUIREMENTS

NOMINAL NPSP (PSI)

AT FLOW (LB/SEC)

M_N_MUM PRESTART PRESS. _PSIA)

AT FLOW (LB/SEC)

VEHICLE DATA

LOCKUP TANK PRESSURE (PSIA)

MAX. OPERATING PRESSURE (PSIA)

MAX. DESIGN PRESSURE (PSIA)

FEED LINE DIA.(INJ

WEIGHT COMPARISON (LB)

GASEOUS RESIDUALS

BOOST PUMP SYSTEM

ROOST PUMPS

BATTERIES

INVERTERS

SUMP

HELIUM SYSTEM

HELIUM

BOTTLES

LINES & VALVES

HEAT EXCHANGER

INSTALLATION

FEED LINES

TANK WEIGHT

HELIUM RESIDUAL

START BASKET

CATEGORY I ENGINE CATEGORY IIB ENGINE

BOOST PUMPS PRESSURIZATION BOOST PUMPS PRESSURIZATION

L02 LH2 LO2 LH2 L02 LH2 LO2 LH 2

3.63 0.43 3.63 0.43

28.15 5.63 28.15 5.63

21.0 22.0 21.0 22.5

1.2 1.0 1,2 1.0

18.0 16.8 18,0 28.0

16.2 16.0 22.0 30,0

18.2 18.0 25.0 33,0

2.5 2.5 3.5 3.5

127 181 224 235

12 13

50

55

10 10

2Q 40 33

0 O 55

15

19

36.6

26

19,3

49

276.5

1.9

3.63 0.43 3.63 0.43

28.15 5.63 28.15 5.63

16.0 18.0 183 16.0

1.2 1.0 1.2 1.0

16.0 16,0 16,0 17.3

16,2 16.0 17.5 19.0

18.2 18.0 20.5 22.0

2.5 2.5 3.5 3.5

149 196 220 178

12 13

50

55

10 10

TOTAL, LB (KG) 518 (235l 989 (448.6) 595 (269.9) 654 (296.7)

AWEIGHT, LB (KG) 0 +472 (214.1) 0 +59 (26.8)

_PAYLOAD (DEPLOYMENT), LB (KG) 0 -1273 (,577.4) 0 -159.3 (72.3)

13

17

38.5

0

13.3

20 40 33 49

0 0 18.6 73.9

- 1.9

14 26 - -

determining tank pressure and boost pump head rise requirements. Feedline

diameters used are 2.5 in. (6.35 era) diameter for boost pumps, for Centaur com-

monality, and 3.5 in. (8.89 cm) diameter for pressurization, the optimum (minimum

weight) size. It can be seen that the boost pump system is the lowest in weight for

both the Cat I and the Cat IIB comparisons. The boost pump system• was selected for

a Tug vehicle for:

a. Minimum wei_.t - lowest in weight and highest in performance of all systems
considered or envisioned.

b. Mission insensitive - No mission-to-mission changes are required. Additional

engine firings would require additional helium system capacity with pressurization.

c. A state-of-the-art proven system - used on Centaur (similar pumps used on

Saturn S-IVB and S-II).

d. Cos__..tt- Although program cost trades were not made, it is anticipated that the

boost pump system costs will be lowest. Vendor ROM DDT&E cost indicates in

any case that cost is not a major driver in the selection.
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2.2.4.2 Attitude Control Propulsion System (ACPS). The ACPS is required for Tug

attitude control and translation plus rotation for rendezvous and docking. Optional re-

quirements include -X axis _V in increments up to 50 ft/sec (153 m/sec), and axial

thrust for propellant settling prior to main engine burns.

Attitude, rate, and acceleration criteria for rotational control during coast phases

and docking are per the Tug System Studies Data Package. Acceleration rates as-

sumed as minimum levels provide ample control capability in all axes and allow turn-

around of the Tug in three minutes after payload separation on a planetary mission to

minimize payload penalties due to delay in post-separation engine burn.

The results of a trade study between various ACPS candidates is summarized below.

ACPS Candidates - Candidate auxiliary propulsion systems for Tug include N2H 4

monopropellant, a typical storable amine bipropellant (N204/MMH), and a cryogenic

O2/H 2 system.

All systems are designed to maintain operational capability with failure of any single

component and provide safe conditions with two component failures. Tankage and feed

lines are excluded from the fail operational/fail safe criteria.

Impulse and propellant requirements for a synchronous equatorial mission with a

Cat I RL-10, which were used in the comparison, are presented in Table 2-27.

For all system candidates, four modules of four thrusters each are required. Isola-

tion valves allow shutoff of individual thrusters in case of a failed open engine valve

to prevent depletion of propellant. Module isolation valves are also provided to meet

the fail safe criteria and prevent loss of control or propellant depletion in case of a

dual failure of engine valve and engine isolation valve. Rotational control can still be

maintained with isolation of a complete module though docking with a payload cannot

be accomplished.

Table 2-27. ACPS Impulse and Propellant Requirements

IMPULSE

LB/SEC (N/SEC)

PROPELLANT REQUIREMENTS, LB (KG)

N2H4 N204/MMH O2/H2

ATTITUDE CONTROL

AXIAL AV

PROPELLANT SETTLING

GRAND TOTAL

36,800 (180,000) 170 (770) 141 (638) 103 (466)

198,000(888,000) 862(3900) 700 (3170) 555 (2510)

34,800(156,000) 151 (684) 123 (557) 95 (431)

269,600(1,202,000) 1183 (5354) 984 (4385) 753 (3407)
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The N2H4 APS utilizes a qualified propellant tank available from the USAF P-95

satellite program. The tank has a 200 lb (90.5 kg) propellant capacity and has a 6A1-

4V-Ti shell with a EPT-10 positive expulsion diaphragm.

The pressurization subsystem utilizes two 15.5 in. (39.4 cm) inside diameter storage

spheres manufactured by PSI, Inc. and qualified for manned spaceflight application.

The bottles are charged to 3500 psig (2390 N/cm 2) during prelaunch operations from

a ground source through a Tug/orbiter disconnect and isolation valve.

Dual pressure regulators with primary and secondary operating levels in each regu-

lator are utilized to allow failure of a regulator in the closed or open position with one

leg remaining operative. Isolation valves are provided to allow shutoff of a failed

regulator. Modifications of pressure regulators manufactured by Fairchild Stratos

Corp. and used on the Apollo command and service module RCS are utilized for mini-

mum development cost.

The second type of APS considered, N2I-I4/MMH storable bipropellant, has individual

helium pressurant sources for each propellant based on previous experience with

storable propellants. Bellows tankage was selected for the bipropeilant system for

maximum confidence in providing reliable operation for the 40 to 50 expulsion cycles

required to meet ground checkout and flight requirements.

An alternative tankage type utilizes a capillary screen retention system, which is at-

tractive from the viewpoint of minimum maintenance and low susceptibility to mechan-

ical failure or damage; however, these have not been flight proven for use with ACPS

engines where pulsating flow over a wide frequency range occurs. Once feasibility

for ACPS use is proven, the screen device would be recommended over bellows tank-

age.

The cryogenic O2/H 2 APS considered is similar to that evaluated in previous point

design Tug studies; it is a system utilizing liquid 02 and H2, which is pumped to a

high pressure, thermally conditioned in a heat exchanger, and provided in gaseous

form to the APS thrusters. The O 2 and H 2 propellan_ storage is contained within the

main propellant tanks and uses a screen-type propellant acquisition device to provide

liquid propellants to the system turbopumps under zero-g conditions during coast

phases. The storage containers, which are refilled during main engine burns, are

sized to meet the maximum consumption durir, g the longest period between main en-

gine bums.

The propellant conditioning loop includes zero NPSP centrifugal pumps driven by hot

gas turbines operating on the exhaust products of an O2/H2 gas generator. The tur-

bine exhaust is ducted to a thermal conditioner where the liquid propellants from the

turbopump discharge are gasified and heated. The gaseous propellants flow into an

accumulator where they are stored and used on demand by thrusters or for optional

fuel cell and pressurant requirements.
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ACPS Weights - Table 2-28 presents weight summaries for the ACPS configurations

considered at the impulse requirements given in Table 2-27. Figure 2-33 presents

the variation of system weight as a function of total impulse.

Table 2-28. ACPS Weight Summary

PRESSURIZATION & PURGE

PROPELLANT STORAGE

PROPELLANT CONDITIONING (02/H2APS)

FEED & FILL

ENGINE MODULES & THERMAL PROTECTION

USABLE PROPELLANT

RESIDUAL PROPELLANT

USABLE HELIUM

RESIDUAL HELIUM

TOTAL INERT WEIGHT

TOTA L WET WEIGHT

N2H4 APS

LB (KG)

120 (54.5)

149 (67.5)
-- m

34 (15.4)

87 (38.4)

1183 (547)

18 (8.2)

3 (1.4

1 (O.5)

409 (185.5)

1595 (734)

N204/MMH APS

LB (KG)

131 (59.5)

239 (108)

107 (48.5)

94 (42.6)

964 (447)

14 (6.3)

2 (0.9)

O.7 (0.3)

588 (266)

1554 (705)

02/H 2 APS

LB (KG)

m

58 (26.3)

174 (78.8)

91 (41.2)

300 (136)

753 (341)

28 (12.7)

651 (295)

1404 (637)

KG LB

1000

400-
800

300 60(]

_E 200 40(]

_10(] 20C

I I I i I I I ,
100 200 300 400

TOTAL IMPULSE (1000 LB SEC)

I I I I I I J _ J
2 4 6 8 10 t2 14 16 |8

TOTAL IMPULSE (100,000 NEWTON SEC)

KG LB .

2so 1000 -

200 T800

600 1500 I

100 _ _"

200  oo[ ,
L_ 1 I I I l l I z

100 200 300 4O0

TOTAL IMPULSE (1000 LB SEC)

I I I I I I I I I I
2 4 6 8 10 12 14 16 18

TOTAL IMPULSE (100,000 NEWTON SEC)

Figure 2-33. ACPS Weight Versus Total Impulse
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Comparison of monopropellant and bipropellant inert weights show the monopropellant

lighter over the range of total impulse considered. When wet weight is considered,

littledifference between the two is seen, with the bipropellant becoming lighter weight

at approximately 185,000 ib/sec (822,917 N/sec) total impulse. The O2/H 2 system is

the heaviest of the three candidates for both inert and total weight over nearly the en-

tire impulse range.

Other factors influencing the trade between candidate ACPS configurations are sum-

marized in Table 2-29.

Table 2-29. ACPS Comparison Summary

N2H4 N204/MMH O2/H2

SYSTEMDEVELOPMENT COST

ENGINE DEVELOPMENT COST

COMPLEXITY

RELIABILITY

SAFETY

MAINTAINABILITY

THERMAL CONTROL

REUSABILITY

DEVELOPMENT RISK

LOWEST

LOWEST

55 COMPONENTS

HIGHEST

BEST-ONEPROPELLANT

SIMPLESTSYSTEM

HEATERS REQUIRED

CATALYST LIMITATIONS

MINIMUM

PAYLOAD CONTAMINATION NEGLIGIBLE

DE'VELOPEDHDWR.AVAILABLE YES

+75%

+45%

92 COMPONENTS

30% LOWER

LOWER-TWOPROPELLANTS

HEATERS REQUIRED

CORROSION& SLUDGING

LOW

SIGNIFICANT PROBLEM

YES

+425%

HIGHEST

COMPLEXTURBOMACHINERY

55% LOWER

LOWEST-HOTGAS SYSTEMS

COMPLEX COMPONENTS

CLEAN PROPELLANT

HIGH -TURBOMACHINERY

ANO THERMAL CYCLIC

PROBLEMS

NEGLIGIBLE

NO

ACPS Selection - The O2/H 2 ACPS was eliminated as a viable candidate early in the

Tug study due to an extremely high development cost and risk compared to monopro-

pellant or bipropellant systems and the fact that it offered no performance

improvement.

An evaluation of costs for development of the ACPS shows systems costs, exclusive of

engine development, to be 75% higher for bipropellant than for monopropellant. Con-

sidering engine development, monopropellant engines are 45% lower cost. A potential

cost reduction for bipropellant ACPS could be achieved by use of the vernier bipropel-

lant RCS engine planned for the Orbiter. Even considering this possibility, the cost of

developing the bipropellant system and adapting the Orbiter engine is approximately

30% higher than the monopropellant system plus engine development cost.

Other factors considered including potential for payload contamination, reliability, and

the various operational and reuse aspects also favor the monopropellant system.
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It is concluded that the N2H 4 monopropellant ACPS is the system type best suited to

Tug application with the primary driver being lower development cost. A schematic

of this ACPS is shown in Figure 2-34.
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_2}14 MOIgOI'IIOI'F LLA N l

Figure 2-34. N2H 4 ACPS Schematic

2.2.5 ORBITER AND PAYLOAD INTERFACE. The subject of Tug/Orbiter interface

is particularly important since the Orbiter is currently under development. For this

reason the subject became a special emphasis area and is discussed in detail in Sec-

tion 2.5.3. This section is limited to summaries of the options which were considered

for implementing the physical interfaces between the Tug and the Orbiter and payload.

2.2.5.1 Orbiter Interface. Figure 2-35 summarizes the assessment of candidate

options for the functional mechanical interfaces.

In addition to the subsystem option assessment, trade studies were also conducted to

select a preferred location for the support adapter pivot. Figure 2-36 summarizes

the evolution of the final pivot location. With the initial system there was a 6.0-inch

gap between the engine and payload envelope. (The payload/envelope gap refers to the

front-end gap required between the payload and the envelope to permit rotation of a

15-foot-diameter payload.) It was found that the initial pivot location resulted in a

4.56 inch envelope violation by the engine during rotation. This was eliminated by
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moving the pivot forward as shownin the improved version. The final version uses
the new baseline payload attachment locations and combines the pivot with the X and

Z attachment points.

2.2.5.2 Payload Interface. Figure 2-37 presents the Tug/payload latching and dock-

ing options which were considered.
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Figure 2-35. Tug/Orbiter Mechanical Interface Options
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Figure 2-36. Pivot Location Evolution
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Figure 2-37. Tug/Payload Latching and Docking Options

SELECTED

v"

v'

2-62



2.2.6 KICK STAGES. During the configuration analysis phase (Task 3) it was found

that a ldck stage (velocity package) was required to permit accomplishing a few high

energy missions without expending the Tug. The kick stage selected during this phase,

and used with all coufigurations as required, was the Burner II with a gross weight of

1800 lb and 1440 lb of propellant.

In the program definition phase (Task 5) a different mission model was used; however,

there was still a requirement for a kick stage when launching NASA planetary payloads

numbers 19 and 20 with the Tug reusable. In addition, a requirement limiting the pay-

load acceleration to 3.6g was established, which eliminated the current technology

Burner II as a candidate. A trade study, summarized in Section 2.5.2.1, resulted in

the selection of two sizes of kick stages; a stage with a 2560 lb (1161 kg) gross weight

for program option 1 and 3 Tugs and a 1600 lb (726 kg) gross weight stage for program

option 2.

The 2560 lb (1161 kg) kick stage shown in Figure 2-38 is spin stabilized. It consists

of a solid rocket motor, a payload adapter and separation system, despin rockets, and

the necessary batteries and sequencing equipment for ignition, despin, and separa-

tion. The avionics equipment is located in the payload adapter and the despin rockets

located aft on the stage to minimize plume impingement. The Thiokol TE-M-364-11

motor case is used with a slow burning grain to limit g-loads applied to the payload

to less than 3.6g.

Preburn aiming and spin-up is accomplished by the Tug; the kick stage has no guid-

ance system. Injection errors are cancelled by mid-course corrections performed by

the payload. Except for the low thrust rocket motor, the stage hardware and function

is similar to the Delta third stage and is typical of the present state of the art.

The 1600 lb (1726 kg) kick stage is shown in Figure 2-39. This stage is a shorter,

lighter version of the 2560 lb (1161 kg) stage. The larger rocket motor is replaced
with a smaller version of the same motor, but all other equipment is identical. The

stage is sized arotmd the Thiokol TE-M-364-2 motor case. This motor has a spheri-

ca/case, while the -11 motor has a short cylindrical section added to increase pro-

pellant capacity. Again, a slow burning grain is used to limit thrust level.

Figure 2-40 shows the installation of NASA payloads 19 and 20 in the Shuttle payload

bay. The payload is attached directly to the Tug by a payload adapter and separation

system. The kick stage is supported at the base of the payload. The Tug's spin-up

kit is used to provide payload spin-up.
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MASS PROPERTIES

TOTAL WEIGHT 2560 LB

PROPELLANT WEIGHT 2300 LB
MASS FRACTION 0.9

SIZE
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DIAMETER

PROPULSION

THRUST

ATTITUDE CONTROL
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GUIDANCE

DESPIN

.r

(1161 KG)

(1043 KG)

74.4 IN. (189 CM)

38.0 IN. (96.5 CM)

SOLID

4800 LB MAX. (21,351 NEWTON)

SPIN STABILIZED

BATT ER Y

EVENTTIMER

NONE

NONE

DESPIN ROCKETS

SEPARATION

SYSTEM

74.4

IDI

DIA

:'RY

IAPTER

ROCKETS

Figure 2-38. 2560 lb (1161 kg) Kick Stage
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Figure 2-39. 1600 lb (726 kg) Kick Stage
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I
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./

PAYLOAD ADAPTER
& SPINUP KIT

SHUTTLE PAYLOAD/
BAY ENVELOPE /

Figure 2-40. Kick Stage Installation

Payload 19 is the larger of the two payloads. When placed at the forward end of the

payload bay, the 20 ft (6. 096m) payload length allows 5 ft (1. 524m) kick stage installa-

tion between the payload and Tug assuming the Tug takes the full 35 ft (10.7m). This

length is inadequate for the 2560 lb 0161 kg) package and barely adequate for the

1600 lb (726 kg) package. To use the -11 case and minimize motor development on

Programs 1 and 3, it is necessary to recess the kick stage interface about 18 in.

(0.457m) into the payload envelope.

A typical sequence of events is shown in Table 2-30. Both Tug and the ldck stage are

checked out in low earth orbit. The kick stage is then powered down and remains

passive during Tug operations. At the completion of the final Tug burn, the Tug

maneuvers to orient the kick stage for its burn. The programmer is started and the

payload/kick stage is spun up and separated. The kick stage coasts until the Tug has

maneuvered an adequate distance to prevent contamination or other detrimental ef-

fects caused by plume impingement. After approximately 10 minutes of coast, a

separation distance of about 1/2 n. mi. (0.93 km) will be reached and the kick stage

motor is ignited. At the completion of the burn, the payload kick stage is despun

using the despin rockets and the payload separated. The total kick stage operational

time is less than 30 minutes.
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Table 2-30. Kick Stage Sequence of Events

TUG OPERATION KICK STAGE STATUS
TIME
(MIN)

CHECKOUT

BEGIN FINAL OUTBOUND BURN

COMPLETE BURN

ORIENT FOR KICK STAGE BURN

SPIN PAYLOAD/KICK STAGE

SEPARATE PAYLOAD/KICK STAGE

RETRO, REORIENT FOR RETURN AND COAST

CHECKOUT

STANDBY

START PROGRAMMER

MOTOR BURN

DESPIN

SEPARATE PAYLOAD

LEO*

0

10

11

11-12

13

13-TBD

23-25

26

27

* LOW-EARTH-ORBIT
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2.3 CONFIGURATIONCONCEPTS

The basic objective of this task, which was Task 3 of the study, was to develop configur-

ation/program options based on the requirements and recommended subsystems defined

in earlier tasks and summarized in Sections 2.1 and 2.2. The options were to be re-

ported at the Concept Selection meeting and up to six options recommended for detailed

analyses in Task 5, Program Definition.

At the start of Task 3, the government redirected the study somewhat by specifying

seven capability options for which configurations/programs were to be developed, and

by specifying the selection criteria to be used in ranking and selecting a recommended

configuration for each capability option.

The seven capability options are presented in Table 2-31. The variables are the

mission mode (deployment or retrieval), the payload level, the development approach

(direct or phased) and the IOC date. The specified evaluation criteria are listed below

in the order of priority:

1. Cost

2. Performance and Capabilities

3. Operational Complexity

4. Risk (Cost, Technical, and Schedule)

5. Payload Impacts

6. Evolutionary and Growth Capability

Table 2-31. Concept Selection Capability Options

CAPABILITY OPTIONS (INITIAL/FINAL)

1, INTERIM (WITHOUT RENDEZVOUS& DOCK)

2. INTERIM (WITH RENDEZVOUS & DOCK)

3. INTERIM (WITHOUT RENDEZVOUS & DOCK)
INTERIM (WITH RENDEZVOUS & DOCK)

I 4. FULL CAPABILITY

5. INTERIM (WITHOUT RENDEZVOUS & DOCK)/
FULL CAPABILITY

6. INTERIM (WITH RENDEZVOUS & DOCK)/
FULL CAPABILITY

7. INTERIM (WITH RENDEZVOUS & DOCK)

DEVELOPMENT
APPROACH

DIRECT

DIRECT

PHASED

DIRECT

PHASED

PHASED

DIRECT

• MINIMU._EOSYNC"RO"OUS
PAYLOAD PERFORMANCE.LB (KG) I

DEPLOYMENT RETRIEVAL

3,500 (1.588) N,A,

3.500 (1,5B0) I 2,200 (998)

3,500 11,5B8) ] N.A.

3,500 (I ,580) 2,200 (998)

3,500 (1,588)

3,50_ ( 1,588) N.A.
3,50O ( 1,588 }

3,50O (1,580) 2,20O (998)
-- 3,500 (1,588)

3,500 (1,588} 2,200 (998l

tOC

DEC, 1979

DEC. 1979

DEC. 197_/
DEC, 1983

DEC. 1983

DEC. 1979
DEC, 1983

DEC. 1979
DEC. 1983

DEC. 1983
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The following sections summarize the basic approach, the evaluation criteria method-

ology, the candidate configuration concepts, and the recommended configuration options.

The detailed information on this task is contained in Reference 5.

2.3.1 APPROACH. A major problem in identifying the configuration candidates for

the seven capability options was the problem of limiting the configurations to a reason-

able number. Having defined a configuration as a set of compatible subsystems, it was

obviously impossible to consider all combinations of compatible subsystems defined

and selected in the subsystem analysis phase. Sufficient candidates were selected to

show the impact of all major subsystem options.

Figure 2-41 illustrates the approach used in this phase of the study. The configura-

tions selected for evaluation in each of the capability options were derived beginning

with the data base provided by the subsystem catalog developed during the subsystem

analysis phase of the study. These subsystems were sorted into the appropriate option

primarily by applying the specific performance, mission mode, and IOC requirement

of each option modified by specific drivers selected for the option. For example, low

DDT&E was a prime criterion of option 1. Consequently, low DDT&E subsystems

meeting the specific subsystem functional requirements of that option were selected.

These subsystem functional requirements were previously derived from the specified

missions (e.g., ACPS total impulse requirements as a function of mission). In addi-

tion, the subsystem and systems had to meet the general Tug requirements as dictated

by the Tug data package and other appropriate documents. These subsystems and

systems were then synthesized into configurations in each option and performance,

Programmatic, and cost data was developed in sufficient depth to provide the necessary

assessment data. The resulting Tug programs were then evaluated against the specified

criteria and a single recommendation made in each option. From these recommended

options, Tug programs that are prime candidates for further definition were identified.

MAJOR MISSION

DERIVED SUBSYSTEM

REQUIREMENTS

Figure 2-41.

I GENERAL TUG VEHICLE REQUIREMENTS

TUG DATA BOOK

$1tUTTLE ACCOMMODATION DOC.

i EVALUATION ]

RECOMMENDATION

OPTION

"! |

Configuration Selection Approach
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2.3.2 EVALUATION CRITERIA AND METHODOLOGY. The government specified

the basic evaluation criteria and their order of priority as presented above. The

factors considered in these basic criteria and the methodology of developing and

applying the data will be discussed below.

2.3.2.1 Cos___!t.Cost was the major evaluation criteria; however, cost can be divided

into many elements. Cost includes total program cost, peak year cost, and cost/flight

considerations. Total program cost includes DDT&E, investment, and operations

costs.

The Convair Aerospace Space Tug Cost Model was utilized to compile total system

costs in the WBS format. Thirty-two percent of these costs were developed from

parametric-type cost estimating relationships (CERs) and 55% from detailed estimates.

Thirteen percent was government provided.

The cost model computes structure, propulsion (less engines), and some elements of

avionics using input characteristics to CERs. Avionics costs were primarily derived

from detailed component cost build-ups. GSE, facilities, and test and operational

(manpower) costs were derived from detailed estimates. Spares and ground test hard-

ware inputs generate initial and operational spares and test hardware costs. Mission

capture and reliability assessments determine fleet size, which is a model input driv-

ing Tug production costs.

A funding spread model uses schedule data and WBS oriented cost data as inputs to

develop fiscal year funding requirements. This model uses the NASA MF003M fund

spread methodology.

2.3.2.2 Performance and Capabilities. This criterion includes performance in vari-

ous applicable mission modes as measured by mission capture as well as certain other

capabilities such as autonomy, abort capability, and reliability.

For each candidate Tug there are certain missions from the mission model, which

cannot be accomplished in a single reusable Tug mode. In this phase of the study, the

three alternate flight modes were considered for these missions: addition of a velocity

package (kick stage), two-Tug operation with Tug-to-Tug on-orbit assembly, and two-

TUg operation with a velocity package.

In addition to determining single payload capability, the potential for multiple payload

missions was considered. Multiple payload possibilities were screened for dimension-

al, orbital, and Tug performance compatibility within the constraint of not mixing DOD

payloads with non-DOD payloads. The advantage of multiple payload capability is that

it reduces the number of Shuttle flights and the cost to the user.

2.3.2.3 Operational Complexity. Operational complexity is a relative measure of

complexity viewed both on the ground and in flight. The selection of high (level I)
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autonomy for all Tug candidates based on the recommendations of the subsystem analy-

sis essentially eliminated ground operational complexity as a discriminator. The

selected parameter was a flight operations parameter -- number of critical mission

events/payload delivered or retrieved. The critical mission events are deployment/

separation, rendezvous, docking, and placement. This subject is discussed in more

detail in Section 2.5.2.1.

2.3.2.4 Risk. This criterion is used to measure the uncertainty in achieving pro-

gram goals encompassing performance, cost, and schedule. Risk in general is a non -_:

quantifiable criterion; however, broad categories or scales of confidence can be de-

fined based on such things as the state of the art. Another approach to risk evaluation

is a functional risk analysis. In this approach a relative risk ranking (inherent risk)

is assigned to all of the functions that must be performed by the operational vehicle.

The development program, and in particular the test program, should be based on re-

ducing this inherent risk. Since the risk cannot be reduced to zero, all programs end

up with some value of residual risk. This residual risk factor, a relative term, was

selected as the risk evaluation parameter. When used in a comparison this parameter

can indicate the effectiveness of the development programs and DDT&E cost in reducing

the risk.

2.3.2.5 Payload Impacts. Eight Tug characteristics were considered in assessing

the overall payload impact of the candidate Tugs. These eight characteristics and

their impact effect are presented in Table 2-32.

Table 2-32. Payload Impact Considerations

INTERFACEAREA COMMENTS

• PAYLOADWEIGHT • ADDITIONAL PAYLOADWEIGHT IS GOOD

• AVAILABLEPAYLOAD LENGTH • ADDITIONAL LENGTH(VOLUME)IS GOOD

• POWER • POWERREQUIREDFOR PAYLOADTHERMALCONTROL

• ATTITUDE • ATTITUDEFREEDOMFOR PAYLOADIS DESIRED
(FUNCTIONOF GUIDANCE SYSTEM)

• COMPUTER MEMORY • CAPABILITY TO SUPPORTPAYLOADREQUIREMENTS

•ENGINETHRUST • AFFECTS DESIGN OF APPENDAGES DEPLOYED DURING
TUG BURNS

•CONTAMINATION • PROPULSIONGASES& MATERIAL OUTGASSINGSHOULD
NOT AFFECTPAYLOAD

• PHYSICAL & FUNCTIONALINTERFACES • MINIMUM CHANGEDURING PHASEDPROGRAMIS
DESIRED

2.3.2.6 Evolutionary and Growth Capability. For direct developed Tugs this criterion

is a relative measure of the ease of obtaining improvedperformance and/or operational

capability• For a phased Tug program it is a relative measure of the ease with which

evolution can be carried forward.
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2.3.3 CAPABILITY OPTIONS. The general approach described above was used to

define and analyze configuration concepts for each of the capability options. Prior to

discussing the candidates within each option there are certain general characteristics

to be considered that were applicable to all configurations.

Tug safety was a major concern. Fault tree and hazards analyses were performed to

identify the potential hazards and to determine the appropriate design features to elimi-

nate or minimize the hazard. Safety design features involving about 250 lb (113 kg)

additional weight were added to all Tug configurations. One of the main safety features

is independent purge bags for propellant tank. Tug safety is discussed in more detail

in Section 2.5.1.

The approach and provisions for abort was another area that was common to all Tugs.

Abort refers to Shuttle abort, and the major issue is the disposal of the Tug propellants.

The selected approach was to dump all propellants while the Orbiterwas above 165,000it

(50.4 kin) altitude. The required dump line sizes were incorporated in the Tugs, and

the necessary helium was provided in the adapter.

Mission reliability was another factor which was applicable to all Tugs. A 0.97 mission

reliability goal was established; however, a reliability/cost optimization study was con-

ducted to test the effectiveness of this goal, and to establish the redundancy levels re-

quired to attain the optimum reliability.

Figure 2-42a shows the additional program costs (in terms of Tug losses, payload

losses, and reflight costs) as a function of Tug reliability. Figure 2-42b presents the

results from a reliability/program cost optimization. Redundancy is systematically

added to Tug subsystems such that each addition of redundancy is achieved with the

minimum total program cost penalty. This is accomplished by measuring the ratio

of the incremental change in reliability to the incremental change in cost for each re-

dundancy candidate. The candidate having the highest ratio is the first one selected.

This process is continued until the desired reliability is reached. Subsystems or com-

ponents that cannot practically be made redundant, such as main engines, are of

course excluded from the process. The results of the redundancy implementation

study indicate that once the most unreliable components have been made redundant,

the ratio of reliability increase to cost increase tends to decrease sharply.

When the reliability/cost sensitivity and the redundancy implementation data are plotted

on the Reliability/Cost Optimization chart, Figure 2-42c, and the two costs are summed;

the resultant is a lowest cost figure that occurs at about 0.97 reliability -- the basic

reliability goal.

2.3.3.1 Capability Option 1. The primary driver for this option was low DDT&E cost

consistent with the basic requirements in Table 2-31. The subsystem candidates were

selected in compliance with this driver and are presented in Table 2-33. Thus, the

main engines are lower performance modifications of the existing RL-10 engine. The
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Figure 2-42. Reliability/Cost Optimization

Table 2-33. Subsystem Candidates -- 1

b

PROPULS10N

MAIN ENGINE --

i_ ACPS

STRUCTURE
BODY SHELL --

LOW DDT&E> THRUSTSTRUCTURE--

_THERMAL CONTROL

INSULATION

PURGE

AVIONICS

RL-IO CATEGORYI WITH BOOSTPUMPS

RL-]O CATEGORYI WITHOUTBOOSTPUMPS

RL-IO CATEGORYI I B

_H 4 MONOPROPELIANT

ALUMINUM SKI N-STRI NGER

ALUMINUM

SUSPENDEDALUMINUM, ROOM-TEMP. ALLOWABLES

LOWCOST(NO CHEM. SIZ ING) VERSION OF ABOVE

20 LAYERSOF KAPTONMLI

NOMINAL THICKNESS PURGEBAG

LOW DDT&E,LOWAUTONOMYSYSTEM

LOWDDT&E, HIGH AUTONOMYSYSTEM
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Figure 2-43. Reference Configuration -- 1

ACPS is monopropellant hydrazine. Metallic body structure elements with room tem-

perature design allowables for tank design again support low DDT&E. The insulation

is of minimum DDT&E design while the avionics subsystems were assembled from

candidates emphasizing the same low DDT&E. The choice of autonomy was left to be

traded within this option.

The reference configuration for the capability option is shown in Figure 2-43. It was

not a baseline but merely the point of departure for defining the other configurations.

The major subsystems are indicated, and it was these major subsystems that were

generally varied in defining other configuration candidates.

Table 2-34 presents the configuration options considered along with the resulting geo-

synchronous deployment payload. These configurations represent variations in main

engine, propellant tank construction, astrionics system, and electrical power source.

With the exception of configuration 1-1, which has 1650 lb (749 kg) of batteries, all the

configurations meet the 3500 lb (1588 kg) deploy payload requirement. Eliminating the

boost pumps from the RL-10 Cat I engine resuits in lower performance due to the in-

crease in tank weight associated with the higher tank pressures. The low cost tanks

are heavier and result in a Tug with lower performance. The RL-10 Cat iIB engine

has significantly higher performance than the RL-10 Cat I.

The mission performance characteristics for these configurations are presented in

Table 2-35. The average number of payloads carried per Tug flight is about 1.2

for all configurations except 1-1. The average number of payload per flight is 1.0

for configuration 1-1 since multiple payload deployment is precluded by the 48 hour

on-orbit capability of this configuration. The other configurations are capable of

deploying multiple payloads giving an average payload/flight greater than 1.0.
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Table 2-34. Configuration Options -- 1

SUBSYSTEM

PROPULSION

MAIN ENGINE

PRESSURIZATION

ACPS

STRUCTURE

TANKS

BODY

THRUST STRUCTURE

INSULATION

PURGE BAG

ASTRIONICS

POWE R

AUTONOMY

WEIGHT

DDT&E

PAYLOAD (SYNC. EQ.)

DEPLOY, LB (KG)

RETRIEVE, LB (KG)

1-5

CAT. t WBP

SELF

N2H 4

AI (RT)

AI S/S

AI

NOM.

SHUTTLE

FUEL CELL

HiGH

LOW

4.915 (2,229)

1-8

CAT. I WBP

SELF

N2H4

AI (SIMPLE

AI S/S

AI

NOM.

SHUTTLE

FUEL CELL

HiGH

LOW

4,370 (1,982)

1-10 ....

CAT. I WBP

SELF

N2H 4

AI (RT)

AI S/S

AI

NOM.

SHUTTLE

FUEL CELL

LOW

LOW

4,412 (2.006)

CAT.I W/O BP

N2H

AI (RT)

AI S/S

!At

NOM,

SHUTTLE

FUEL CELL

HiGH

LOW

4,367 (1,981)

OPTION

1-1

CAT. I WBP

SELF

N2H 4

AI (RT)

AI SiS

AI

NOM.

BATTERIES

HIGH

LOW

1.715 (778)

1-7

CAT. lib

He

N2H 4

AI (RT)

AI S/S

AI

NOM.

SHUTTLE

FUEL CEL

HIGH

LOW

6,018 (2,730)

Table 2-35. Mission Performance - 1

CONFIGURATION

MISSION CAPTURE (%)

DEPLOY DEPLOY & RETRIEVE AVG. NO. OF 0N-0RBIT VELOCITY

MISSIONS MISSIONS PAYLOADS/FLIGHT ASSEMBLIES PACKAGES

1.5 100 64 1.2 20 46

1-8 100 64 1.2 20 46

1-10 100 64 1.2 20 46

1-6 100 64 1.2 20 46

1-1 75 48 1.0 NA 81

1-7 100 64 1.2 20 5
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All configurations (except 1-1) accomplish 100% of the payload deployments. Mission

accomplishment drops to 64% when retrieval missions are considered. The comparable

values for configuration 1-1 are 75% for deployment only and 48% mission accomplish-

ment when considering the total model of 642 deployment and retrieval missions.

Twenty-one on-orbit assemblies are used with all configurations, except for 1-1.

Configuration 1-1 is limited to 48 hours on-orbit, which precludes on-orbit assem-

blies.

The maximum number of velocity packages (81) is associated with configuration 1-1,

which has the least payload-to-orbit capability. Configuration 7 is the maximum pay-

load-to-orbit configuration and uses the least number (six) of velocity packages. The

other configurations use 46 velocity packages over the total 1980-90 mission model.

The velocity package used for mission capture analysis was the Burner II with a gross

weight of 1800 lb (815 kg) and 1440 lb (654 kg) of propellant.

The program cost data for the configuration candidates is presented in Figure 2-44.

DDT&E, production, operations, and cost/flight data are shown for each configuration.

A funding spread typical for capability option 1 is also shown. The funding spread data

indicates that the peak year funding occurs in 1978 and is a combination of DDT&E and

production costs.

TUG
PROGRAM
COSTS
($M)

1,400

1,200

1,000

800

600

4O0

2O0

r'-'"--
-I

i

////"---. .... , ....
"//,4---_///j

{////v///,
%1 1-5 1-0

I

I

iii_ii_iiiiiiiiiiiii!!!ii?ii!!iiiiiiiiii_

Y/////I/

/ I///
1.7 1,,8 1.10
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PRODUCTION

DDT&E
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FUNDING
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\
E PROD. \

DDT&E_ _, _,_____ OPERATIONS

/i I I 1 j"-_-'--+--_. , I I L I , L
75 76 77 78 79 SO 81 82 63 84 85 86 87 q8

YEAR

I
89

Figure 2-44. Program Cost Data -- 1
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The DDT&E costs are all greater than $300M. The low total program cost for con-
figuration 1-1 is misleading since this configuration is performance limited anddoes
not capture all the missions.

Table 2-36 presents the major evaluation data for the configuration options in capa-

bility option 1. All of the data is quantified except payload impact and growth, which

are qualitative. Although the payload impact has a wide range of rating, it is basically

the evaluation of the differences above an acceptable level except for configuration 1-1,

which utilizes batteries. Configuration 1-1 is unacceptable since it can not accomplish

all of the deployment missions. This is the reason the Tug flights and hence the total

program cost are low for configuration 1-1. Configuration 1-7 has the highest DDT&E

cost since it employs an RL-10 Cat IIB engine and is really a higher capability Tug

than is required for this capability option. The other four options are reasonably

close and are considered for selection.

Table 2-37 presents the Convair Aerospace ranking of the other four configuration

candidates. Configuration 1-5 was selected as the recommended configuration in capa-

bility option 1 since it has the lowest total program cost and highest performance of

the four candidates, while costing only $6M more than the lowest DDT&E configura-

tion, 1-10. This configuration also provides the lowest total program cost per payload

deployed.

Table 2-36. Configuration/_Program Summary Comparison -- 1

COST ($ MILLION)

TOTAL TUG TOTALCOST/ PROG. PEAK YR.
OPTION PROG. DDT&E FLIGHT COST/PL FUNDING

172(78)(_ 4,553 1,31 11.02 4,915
317

G 4,580 320 1.38 11.09 173(78) 4,370
( 1,982)

(_ 4,636 311 1.59 11.23 167(78) 4,423

(_ 4,574 326 1.35 11.05 174(78) 4,367
(1,981)

1-1 4,166 308 1.49 13.48 162(78) 1,715

(778)

1-7 4,541 363 1.24 11.0 183(78) 6,018

(2,730)

PERFORMANCE

PAYLOAD

_EP. (LB.

(KG)

TUG

FLIGi-

413

413

413

413

3O9

413

OPNS. RISK
COMPLEX.

J
CRITICAL
EVENTS/ RESID.

TS PAYLOAD RISK

I
4.62 18

4.66 17

4.66 17

4.66 19

5.25 19

4.54 21

PAY LOAD
IMPACT GROWTH

GOOD GOOD

FAIR GOOD

GOOD GOOD

FAIR GOOD

POOR POOR

VERY FAIR

GOOD
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Table 2-37. Ranking and Selection Ralionale - 1

ADVANTAGES DISADVANTAGES

• SLIGHTLY HIGHER RESIDUAL RISKi-5 •LOWEST TOTAL PROGRAM COST

• HIGHEST PERFORMANCE

(_ •LOWEST OPERATIONAL COMPLEXITY

• LOWESTTOTAL COST/PAYLOAD

]-10 -LOWEST DDT&E

C_ ,LOWEST RESIDUAL RISK

]-8 ,LOW RESIDUAL RISK

®

• HIGHEST TOTAL PROGRAM COST

• HIGHEST TOTAL COST/PAYLOAD

•LOW PERFORMANCE

MEDIUM TOTAL PROGRAM COST .

MEDIUM TOTAL COST/PAYLOAD

I-6

®

• LOW RESIDUAL RISK
I .HIGHEST DDT&E•LOW PERFORMANCE

MEDI UM TOTAL PROGRAM COST

MEDIUM TOTAL COST/PAYLOAD

2.3.3.2 Capability Option 2. Thls is a direct developed, medium retrieval capa-

bility Tug, with a December 1979 IOC. The primary subsystem drivers for this

option were low DDT&E cost and retrieval capability. The subsystem candidates

considered are presented in Table 2-38. In this option, body structural shell con-

cepts and materials were compared.

Table 2-38. Subsystem Candidates -- 2

PROPULSION

MAIN ENGINE

ACPS

STRUCTURE

BODY SHELL '

DRIVERS- _

MINIMUM DDT&E,) THRUST SIR.

RETRIEVAL / TANKS
THERMAL CONTROL

INSULATION

AVIONICS

- RL-IO CATEGORYI WITH BOOSTPUMPS

- RL-IO CATEGORYI IA, liB

-- N2H4 MONOPROPELLANT

-- ALUMINUM SKIN-STRINGER

-- ALUMINUM ISOGRID

- COMPOSITE SANDWICH

- ALUMINUM

- SUSPENDEDALUMINUM, ROOM-TEMP. ALLOWABLES

-- LOWCOST(NO CHEM. SIZI NG) VERSION OFABOVE

-- 20LAYERS OF KAPTON MLI

- NOMINAL THICKNESS PURGE BAG

- LOW DDT&E, LOW AUTONOMY SYSTEM

- LOW DDT&E,HIGH AUTONOMY SYSTEM

- LOW WEIGHT, HIGH AUTONOMY SYSTEM
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The reference configuration for this option is similar in type to the reference configur-

ation for capability option 1 shown in Figure 2-43 except for a main engine change to

the RL-10 Cat IIA and a different astrionics system.

Table 2-39 presents the configuration options considered along with the geosynchron-

ous deploy and retrieval payload capability. The nine options represent variations in

main engine, propellant tankage, body shell, and astrionics. All the configurations

meet the retrieval payload requirement of 2200 lb (998 kg). The RL-10 Cat I configur-

ations have lower performance than the Cat II configurations due to the lower Isp. The

aluminum skin stringer construction is lighter than the aluminum isogrid and yields

higher performance. Use of a composite body shell results in a significant perform-

ance increase. Use of the lightweight, advanced fuel cell also shows a significant

pe rformance inc reas e.

The mission performance characteristics of these configurations are presented in

Table 2-40. All of the configurations capture 100% of the deployment missions and

over 90% of the total model. All configurations have multiple payload capability. The

on-orbit assemblies are slightly greater than for capability option 1 due to their use

on retrieval missions; however, the number of velocity packages, a function of the

performance level, is reduced significantly from option 1.

Table 2-39. Configuration Options -- 2

SUBSYSTEM

PROPULSION

MAIN ENGINE

PRESSURIZATION

ACPS

STRUCTURE

TANKS

BODY

THRUST STRUCTURE

INSULATION

PURGE BAG

ASTRIONICS

POWER

AUTONOMY

WEIGHT

DDT&E

PAYLOAD(SYNC. EQ.)

DEPLOY. LB(KG)

RETRIEVE, LB(KG)

2-3

CAT. IIA

SELF

N2H 4

AI(RT)

AI S/S

AI

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

340 (1578)

21

I CAT. IIA

SELF

N2H 4

AI (RT)

AI ISO

AI

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

3249 (1473)

OPTION

2-2 2-4 2-6 2-7 2-8 2-5 2-9

CAT, IIA

SELF

N2H 4

AIISIMPLE)

AI ISO

AI

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

2972 (1348)

CAT. IIA

SELF

N2H 4

AI(RT)

COMP.

SAND

AI

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

4080 (1849)

CAT. I WBP

SELF

N2H4

AI(RT)

AI US

AI

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

2205 (1000)

CAT. I WBP

SELF

N2H4

AI (RT)

AI S/$

AI

NOM.

ADV. FUEL

CELL

HIGH

LOW

2736 (1241)

CAT. I WBP

SELF

N2H 4

AI (RT)

AI S/S

AI

NOM.

SHUTTLE

FUEL CELL

LOW

LOW

2237 (1015)

CAT. t

SELF

N2H 4

AI (RT)

COMP.

SAND

AI

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

2730(1238)

CAT, lIB (BP)

SELF

N2H4

AI(RT)

AIS/S

_J

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

3613 (1639)
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Table 2-40. Mission Performance -- 2

MISSIONCAPTURE(%)

DEPLOY DEPLOY& RETRIEVE AVG.NO.OF ON-ORBIT VELOCITY

CONFIGURATION MISStONS MISSIONS PAYLOADS/FLIGHT ASSEMBLIES PACKAGES

2-3 100 93 1.35 24 8

2-1 100 92 1.32 24 15

2-2 100 92 1.26 24 29

2-4 100 95 1.46 21 6

2-6 100 90 1.2 26 45

2-7 100 91 1.32 24 15

2-8 100 90 1.2 26 45

2-5 100 91 1.32 24 15

2-9 100 93 1.35 24 8

The program cost data is presented in Figure 2-45, which shows the breakdown of

Tug program cost into DDT&E, production, and operations costs. A typical funding

spread, based on authority to proceed in October 1975, is also shown. The overlap

of DDT&E and production result in peak year fundings approaching $200M in 1978.

The DDT&E costs are above $360M for all configurations except those using the RL-10

Cat I engines. The total Tug program costs are significantly higher than capability

option 1 due to the addition of the retrieval missions.

The major evaluation data for the configurations in capability option 2 are presented

in Table 2-41.

These data show that configurations 2-8 and 2-6 have essentially no performance mar-

gin and hence would be high risk programs. For this reason these configurations have

been deleted from selection. Configurations 2-1 through 2-4 employ the RL-10 Cat IIA

engine and have the highest development cost and are also deleted. High performance,

if desired, can be obtained for lower development cost with the RL-10 Cat IIB engine.

Configurations 2-7, 2-5, and 2-9 are retained for consideration for selection.

Table 2-42 presents the ranking of these three configurations. Configuration 2-7 was

selected as the recommended configuration due to its low DDT&E and adequate per-

formance margin. Configuration 2-5, while also having a low DDT&E, has over $60M

total program cost compared to 2-7. Configuration 2-9, while providing good perform-

ance and low total program cost, requires $22M more in early year DDT&E and does

not show a significant advantage in total mission capture. In addition, it has a slightly

higher program risk.
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Figure 2-45. Program Cost -- 2

Table 2-41. Configuration/Program Summary Comparison -- 2

TOTAL
OPTION PROG.

2-3 5,724

2-1 5,887

2-2 6,133

2-4 ,5,521

COST ($ MILLION)

TUG TOTAL

COST/ PROG. PEAK YR.
DDT&E FLIGHT COST/PL FUNDING

370 1.17 9.66

375 1.18 9.96

377 1.19 10.4

194(78)

207(78)

213 (78)

380 1.24 9.08 205(78)

2-6 6,288 333 1.24 10.8

(_ 5,826 341 1.19 9.88

2-8 6,262 330 1.17 10.77

(_ 5,894 340 1.26 9.98

(_ 5,717 363 1.17 9,65

PERFORMANCE OPNS. RISK
COMPLEX.

PAYLOAD CRITICAL

RET. TUG EVENTS/ RESID.

LB{KG) FLIGHTS Ph, YLOAD RISK

348O

(1578)

3249

(1473)

2972

(1348[

4080

(1849)

201 (78) 2205

(1000)

190 (78) 2736

(1241)

199 (78) 2237

(1015)

2O6 (78) 2730

(1238)

186 (78) 3613
(1639)

441 4.29 24

452 4.37 26

471 4.49 24

419 4.11 28

487 4.64 20

452 4.37 23

487 4.64 19

452 4,37 23

441 4.29 24

PAY LOAD

IMPACT GROWTH
=,

GOOD FAIR

GOOD FAIR

GOOD FAIR

VERY POOR

GOOD

FAIR GOOD

GOOD GOOD

FAI R GOOD

GOOD GOOD

GOOD FAIR

2-80



Table 2-42. Ranking and Selection Rationale -- 2

ADVANTAGES

• LOW'DDT&E

• LOW RESIDUAL RISK

MEDIUM TOTAL PRI

DI SADVANTAGES
i i

• HI GH OPERATIONAL COMPLEXITY

)GRAM COST

MEDIUM TOTAL PROGRAM COST/PAYLOAD

• LOWESTDDT&E

"LOW RESIDUAL RISK

2-g ,HIGHEST PERFORMANCE

@
• LOWESTTOTAL PROGRAM COST

"LEAST TUG FLIGHTS

• LEAST OPERATIONAL COMPLEXITY

• LOWESTTOTAL PROGRAM COST/P/L

• HIGHEST TOTAL PROGRAM cosT

• HI GH OPERATIONAL COMPLEXI TY

oH I GHESTTOTAL PROGRAM COST/P/L

• HI GHEST DDT&E

• HIGHEST RESIDUAL RISK

2.3.3.3 Capability Option 3. This is a phased program option in which the initial and

final versions haveperformance and IOC requirements consistent with capability options

1 and 2 respectively. The primary subsystem drivers were low DDT&E cost for the

initial vehicle and medium performance with retrieval for the final vehicle. The sub-

system candidates are presented in Table 2-43 . Subsystem phasing was considered

for main engines, thermal control, and astrionics. The thermal control phasing was

a phasing to a lightweight purge bag.

Table 2-43. Subsystem Candidates -- 3

PROPULSION
MAIN ENGINE - RL-IOCATEGORYI WBP-4" RL-IOCAT. II A

RL-IOCATEGORYI WBP'-_'RL-IOCAT. liB

-- RL-IOCATEGORYIIA

ACPS

IX STRUCTURE
J\ BODY SHELL -

LOWINITIAL\

_DT&_MEDIUM _ THRUSTSTRUCTURE

PERFORMANCE'/ TANKS

V THERMALCONTROL
INSULATION --

AVIONICS

- N2H4 MONOPROPELLANT

ALUMINUMSKINSTRINGER
ALUMINUMISOGRID
ALUMI NUM
SUSPENDEDALUMINUM,ROOM-TEMP.ALLOWABLES

20LAYERSOFKAPTONMLI
NOMINALTHICKNESS--,," LIGHTWEIGHTPURGEBAG

LOWDDT&E,HIGHAUTONOMYSYSTEM
LOWDDT&E,HIGHAUTONOMYSYSTEM(WITHR&D)

LOWDDT&E,HIGHAUTONOMYSYSTEM
LOWWEIGHT,HIGHAUTONOMYSYSTEM

2-81



Figure 2-46. ReferenceConfiguration -- 3

The reference configuration for this option is presented in Figure 2-46, which in-

dicates the major subsystems. Those subsystems not called out on the final configura-

tion remain unchanged from the initial configuration.

In a phased program such as this the assumption has been made that the propellant

tankage is sized for the requirements of the final vehicle. The initial vehicle flying
deployment missions is offloaded.

The configuration options considered and their resulting geosynchronous payload are

presented in Table 2-44. Variations in main engine, body structure, and astrionics

were considered. The effects on performance of the subsystem variations are similar

to those obtained in capability options 1 and 2. Phasing to an RL-10 Cat II type engine

yields performance well in excess of the 2200 lb (998 kg) retrieval payload require-
ment.

Table 2-45 presents the mission performance characteristics. All the configurations

accomplish 100% of the deploy missions and 88 _co 90% of the entire mission model.

Since retrieval is not introduced until 1983 the earlier retrieval missions from the

model cannot be accomplished. Configuration 3-2, which has an I_L-10 Cat II engine

in the initial vehicle, has the lowest number of on-orbit assemblies and velocity

packages due to having the highest performance.

Figure 2-47 presents the program cost data for this capability option including a typi-
cal funding spread assuming an ATP for the initial vehicle in October 1975. The

development costs continue until 1984 because of the phasing to the final configuration.

The cost bar charts show the cost breakdown for the initial vehicle program on the left
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Table 2-44. Configuration Options -- 3

OPTION
SUBSYSTEM

3-7 3-1 i 3-8 3-6 3-2 3-9

PROPULSION

MAIN ENGINE

ACPS

STRUCTURE

TANKS

BODY

THRUST STRUCTURE

INSULATION

PURGE BAG

ASTRIONICS

POWER

AUTONOMY

WEIGHT

DDT&E

PAYLOAD (SYNC. EQ.)

DEPLOY - INITIAL, LB (KG)

RETRIEVE- FINAL, LB(KG)

CAT. I/CAT. IIA

N2H 4

AI(RMTEMP.)

AI S/S

AI

NOM. /THIN

SHUTTLE F.C./

ADV FUEL CELL

HIGH

LOW

LOW

4343 (1971)

4212 (1910)

CAT. I/CAT. IIA

N2H 4

AI (RM TEMP.)

AI ISO.

AI

NOM./THIN

SHUTTLE F.C./

AOV FUEL CELL

HIGH

.._ LOW

LOW /

CAT. I/CAT. IIA

N 2 H 4

AI (RM TEMP.)

AI S/S

AI

NOM./THIN

SHUTTLE

FUEL CELL

HIGH

LOW

3920 (1779) 4373 (1984)
I

3959 (1795) I 3680 (1669)
t

CAT. I

N2H 4

AI (RM TEMP.)

AI S/S

AI

NOM./THIN

SHUTTLE F.C./

AOV FUEL CELL

HIGH

LOW

i LOW _

1
4513 (2047)

2880 (1306)

CAT. IIA

N2H 4

AI(RMTEMP.)

AI ISO.

AI

NOM./THIN

SHUTTLE F.C./

ADV FUEL CELL

HIGH

LOW
/

LOW

5646 (2561)

3959 (1795)

CAT. I/CAT. liB

N2H 4

AI (RM TEMP.)

AI SiS

AI

NOM./THIN

SHUTTLE F.C./

ADV FUEL CELL

HIGH

LOW

LOW I

4492 (2038)

I 4345 (1971)

Table 2-45. Mission Performance -- 3

MISSION CAPTURE (%)

DEPLOY DEPLOY& RETRIEVE AVG. NO. OF 0N-0RBIT VELOCITY

CONFIGURATION MISSIONS MISSIONS PAYLOADS/FLIGHT ASSEMBLIES PACKAGES

3-7 100 90 1.36 26 27

3-1 100 90 1.33 26 30

3-8 100 89 1.32 26 27

3-6 100 88 1.29 26 29

3-2 100 90 1.39 21 6

3-9 100 90 1.36 26 27

and the total program on the right. The development costs of the initial vehicle range

from about $315M for those vehicles with RL-10 Cat I type engines to about $360M

million for configuration 3-2, which has a Cat IIA engine.

Table 2-46 presents the major evaluation data for the configuration options in capa-

bility option 3. Where there are two numbers indicated, the first number represents

the initial Tug and the second number the final Tug. Configuration 3-2, which uses

an 1RL-10 Cat II in the initial Tug, has a high initial development cost and is deleted.
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Figure 2-47. Program Cost -- 3

Table 2-46. Configuration/Program Summary Comparison

COST ($ MILLION)

TUG TOTAL
TOTAL COST/ PROG.

OPTION PROG. DDT&E FLIGHT COST/PL

(_ 5,704 316/ 1.31/ 9.84
431 12

3-1 5,769 319/ 1.34/ 10.03
435 1.15

(_ 5,740 316/ 1.31/ 10.06
406 1.21

314/ 1.31/ 10.01!5,662
385 1.18

316/ 1.31/ 9.785,694
424 1.2

3-2 5,456 357/ 1.2/ 9.51

413 1.15

I OPNS.
PERFORMANCE

INITIAL

DEP.

LB (KG)

PEAK YR.
FUNDING

196 (78)

201 (78)

196 (78)

176 (78)

193 (78)

188 (78)

4343

(1971")

3920

(1779)

4373

(1984)

4513

(2047)

4492

(2038)

5646

(2561)

FINAL

RET.

LB (KG)

4212

(1910)

3959

(1795)

3680

(1669)

2880

(130_

4345

(1971)

3959

(1795)

RISK
COMPLEX.

CRITICAL
TUG EVENTS/ RESID. PAYLOAD

FLIGHTS PAYLOAD

428 4.31

431 4.35

433 4.31

439 4.44

428 4.31

414 4.21

RISK

19/9

19/9

1919

19/7

19/9

21/7

IMPACT GROWTH

GOOD GOOD

GOOD GOOD

FAIR GOOD

FAIR VERY GOOD

GOOD GOOD

VERY GOOD VERY GOOD

2-84



Configuration 3-1 which was an aluminum isogrid is deleted since it has poorer per-
formance at higher cost than configuration 3-7, which is the same concept except for
using an aluminum skin-stringer shell. The other options are retained for considera-
tion for selection.

Table 2-47 presents the ranking of these four configurations along with the advantages
and disadvantagesas determined from the data in Table 2-46. Configuration/program
3-9 was selected on the basis of low DDT&E combinedwith better than average charac-
teristics in the other evaluation criteria. However, in this capability option all the
candidate options cluster closely in overall evaluation.

Table 2-47. Ranking and Selection Rationale - 3

3-9

O

ADVANTAGES DISADVANTAGES

• LOW INITIAL DDT&E

• 2ND LOWESTTOTALPROGRAMCOST

• LOWESTOPS. COMPLEXITY

• GOODEASEOF EVOLUTION

• LOWESTTOTALPROGRAMCOST/PI L

MEDIUM TOTALPROGRAMCOST

3-6 oLOW INITIAL DDT&E

(_) oLOWESTTOTALPROGRAMCOST

oEXCELLENTEASEOF EVOLUTION

3-8 IoLOW INITIAL DDT&E
_) oGOOD EASEOF EVOLUTION

3-7

®
oLOW TOTALPROGRAM COST/P/L

• H IGHESTOPS. COMPLEXITY

• LOWESTPERFORMANCE

° LOWESTMISS ION CAPTURE

• HIGHEST TOTALPROGRAM COST

• HI GHESTTOTALCOST/P/L

°2ND LOWESTMISSION CAPTURE

• 2ND HIGHEST TOTALPROGRAM COST

• LEASTEASEOF EVOLUTION

2.3.3.4 Capability Option 4. The configurations in this option are directly developed

full capability Tugs with IOC in December 1983. They have payload retrieval capability

and payload servicing capability; however, the latter is not a driver. All requirements

from the government supplied data package were applied.

Table 2-48 presents the subsystem candidates chosen from the subsystems catalog in

compliance with the primary drivers of high performance with payload retrieval capa-

bility. In this capability option the advanced propulsion systems are compared, and the

hydrazine ACPS is compared with a hydrogen/oxygen ACPS system. Several advanced

structural concepts are compared, and tank options such as cryogenic allowables and a

load bearing hydrogen tank are compared. A lightweight insulation purge bag is intro-

duced, and several options to low weight avionics systems are inciuded.

Figure 2-48 presents the reference configuration used as the point of departure for

developing other configurations by changing the indicated subsystems.
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Table 2-48.
PROPULSION

MAIN ENGINE

Subsystem Candidates -- 4

m

ACPS

STRUCIIJRE

BODY SHELL
HIGH \ --

PERFORMANCE, _ THRUST STRUCTURE -

RETRIEVAL/ TANKS Z

THERMALCONTROL

INSULATION

AVIONICS

RL-I0CATEGORY IV

ADVANCED SPACE ENGINE

AEROSP IKE

_H 4 MONOPROPEL_NT

H2-O2 B IPROPELLANT

COMPOSITE SANDWICH

COMPOSITE SKIN-STRINGER

COMPOSITE

SUSPENDEDALUMINUM, CRYOGENICALLOWABLES

SUSPENOEDALUMINUM, ROOM-TEMP. ALLOWABLES

LOAD-BEARING ALUM I NUM

20 LAYERS OF KAPTON MLI

LIGHIINEIGHTPURGE BAG

- LOW DDT&E, HIGH AUTONOMY SYSTEM

- LOW WEIGHT, HIGH AUTONOMY SYSTEM

- LOW WEIGHT, HIGH AUTONOMY DUAL CENTRAL SYSTEM

Figure 2-48. Reference Configuration -- 4

Table 2-49 shows the configurations considered in capability option 4 and the resulting

geosynchronous retrieval payloads. The major subsystem variations considered were

main engine, ACPS, propellant tankage, body structure, and astrionics. All of the

options greatly exceeded the minimum payload requirements of 3500 lb (1588 kg). The

ASE yields the highest performance. The Aerospike engine has the lowest perform-

ance of the three advanced engines. This is a result of the fact that the performance

optimizes at a lower mixture ratio, which yields a larger hydrogen tank and hence a

heavier structure. The H2/O 2 ACI)S has significantly less performance than the
hydrazine system due to a much larger inert weight. In the impulse range required,
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the higher Isp of H2/O 2 does not offset the inert weight effect. The composite skin-

stringer body shell is significantly heavier than the composite sandwich with a _-esulting

payload loss. The use of room temperature allowables on the propellant tanks resuits

in heavier tanks with approximately a 200 lb (91 kg} payload ioss.

Table 2-49. Configuration Options -- 4

OPT ION

SUBSYSTEM 4-2 4-3 4-4 4-1 4-9 4-10 4-6 4-7 4-8

PROPULSION

MAIN ENGINE

PRESSURIZATION

ACPS

STRUCTURE

TANKS

BODY

THRUST STRUCTURE

INSULATION

PURGE BAG

ASTRIONICS

POWER

AUTONOMY

WEIGHT

DDT&E

PAYLOAD (SYNC. EQ.)

DEPLOY. LB (KG)

RETRIEVE, LB (KG)

ASE

SELF

N2H 4

AI (CRYO}

COMP.

SAND

COMP.

THIN

ADV. FUEL

CELL

HIGH

MED.

MED.

6456 (29281

ASE

SELF

N2H 4

AI (CRYO)

COMP. S/S

COMP.

THIN

ADV, FUEL

CELL

HIGH

MED.

MED.

6009 (2725)

ASE

SELF

N2H 4

LOAD BRG.

COMP.

SAND

COMP.

THIN

ADV. FUEL

CELL

HIGH

MED.

MED.

6223 (2822)

ASE

AUTOG.

H202

AI (CRYO)

COMP.

SAND

COMP.

THIN

ADV. FUEL

CELL

HIGH

;MED.

MEO.

5833 (2645)

AS£

SELF

N2H 4

:ASE

SELF

N2H 4

AI(CRYO) :AI(CRYO)

COMP. COMP.

SAND !SAND

COMP. COMP.

THIN THIN

ADV. FUEL

CELL

HIGH

LOW

SHUTTLE

FUEL CELL

HIGH

LOW

6528 (2961) 5925 (2687)

A/S

SELF

N2H 4

AI (CRYO)

COMP.

SAND

COMP,

THIN

ADV. FUEL

CELL

HIGH

MED.

MED.

5988 (2716)

CAT. IV

SELF

N2H 4

AI CRYO)

COMP.

SAND

COMP.

THIN

ADV. FUEL

CELL

HIGH

ME'D.

MED.

CAT. IV

SELF

N2H 4

AI(RT)

COMP.

SAND

COMP.

tHIN

ADV. FUEL

CELL

HIGH

MEO.

MED.

6114 (2773} 5924 (2687)

The mission performance characteristics are summarized in Table 2-50. Mission

accomplishment in the years after IOC is 100% for all the configurations. The high

performance of the configurations in this option yields an average number of payloads

per flight greater than 1.5. Tug-to-Tug on-orbit assembly is still used for some of

the planetary missions; however, only two configurations use any velocity packages.

The program and cost data is presented in Figure 2-49. The development costs range

from $450M to about $540M primarily as a function of the main and attitude control pro-

pulsion systems. The lowest development costs are associated with the RL-10 Cat IV
main engine.

A typical funding spread is also shown in Figure 2-49. The Tug vehicle ATP can be

in April 1978 to support the late 1983 IOC; however, the advanced engines require an

earlier engine ATP. This is the reason for the break in the funding curve in 1978. The

peak funding levels are in the area of $150 to $170M with the peak year being 1982

where there is an overlap of DDT&E and production.
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Table 2-50. Mission Performance -- 4

CONFIGURATION

MISSION CAPTURE (%) *

DEPLOY DEPLOY & RETRIEVE AVG. NO. OF

MISSIONS MISSI0NS PAYL0ADS/F LI GHT

0N-0RBIT

ASSEMBLI ES

VELOCITY

PACKAGES

4-2 100 100 1.58 11 4

4.3 100 100 1.56 15 0

_4 100 100 1.56 15 0

4-1 100 100 1.56 15 0

• 9 100 100 1.58 11 4

• 10 100 100 1.56 15 0

_6 100 100 1.56 15 0

4-7 100 100 1.56 15 0

4-8 100 100 1.56 15 0

*MISSION MODEL YEARS 1984-1990.

1,400 --

1.200 -

1,000 -

TUG 800

PROGRAM

COSTS $M 600

400-

200 -

0

i

__ _i...... :_ ! : _i i :! ili_i_iii. ....... !

y/, / , //i i 7777-

I I/V/ 
4 1 4-2 4-3 4-4 4-6 4-7 4-8 4-9 4-10

OPERATIONS

PRODUCTION

DDT&E

COST/LAUNCH ($M)

2OO

FUNDING

($M) 100

0
75

TYPICAL FOR THIS OPTION

- OPERATIONS

76 77 78 79 80 81 82 83 84 85
YEAR

Figure 2-49. Program Cost _ 4

The major evaluation data for the configurations in this option are presented in Table

2-51. Configurations 4-1 (H2/O 2 ACPS), 4-3 (composite skln-stringer) and 4-4

(load-bearing tanks) are deleted from consideration for selection since they have less

performance with more total program cost than the reference configuration 4-1, which

is the same except for the subsystem variations listed above. All of the other con-

figuration options remain as candidates for selection and are ranked in Table 2-52.
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OPTION

Table 2-51. Configuration/Program Summary Comparison -- 4

COST ($ MILLION)

TUG TOTAL
TOTAL COST/ PROG.

PROG. DDT&E FLIGHT COST/PL

4,130 488 1.31 9.0

4,160 490 1.26 9.08

4,171 490 1.28 9.10

4-1 4,321 544 1.47 9.43

(_ 499 1.31 9.024,136

(_ 478 1.313 9.144,189

4-6 4,192 473 1.42 9.15

4,110 451 1.22 8.964,152 453 1.36 9.05

PEAK YR.
FUNDING

150 (82)

149 (82)

150 (82)

175 (82)

143 (82)

160 (82)

149 (82)

147 (82)

148 (82)

PERFORMANCE

'PAYLOAD

RET. TUG

LB (KG) FLIGHTS

6456 (2928) 291

6009 (2725) 295

6223 (2822) 295

5833 (2645) 295

6528 (2961) 291

5925 (2687) 295

5988 (2716) 295

6114 (2773) 295

5924 (2687) 295

OPNS. I RISK
COMPLEX. I

CRITICAL
EVENTS/ RESID.
PAYLOAD RISK

3.92 32

4.03 32

3.95 33

I 3.95 363.92 32

t 3.95 314.03 32

j 3.95 30
3.95 29

i

PAYLOAD
iMPACT GROWTH

GOOD FAIR

GOOD FAIR

VERY FAIR

GOOD

GOOD GOOD

VERY FAIR

GOOD

GOOD FAIR

GOOD FAIR

GOOD FAIR

GOOD FAIR

Table 2-52. Ranking and Selection Rationale - 4

4-7

ADVANTAGES DISADVANTAGES

• LOWESTTOTALPROGRAM COST

• LOWESTDDT&E

• LOWESTTOTAL COST/PAYLOAD

• LOW RESIDUAL RISK

MEDIUM PERFORMANCE

4-8 -SLIGHT PERFORMANCELOSS WITH ROOM-TEMPERATUREALLOWABLES; HIGHER DDT&E&
(_ TOTAL PROGRAMCOSTS

4-2

@
4-9

®
4-]0

@
4-6

• LOW TOTAL PROGRAM COST

"HI GH PERFORMANCE

• HIGHEST PERFORMANCE

• LOWTOTALPROGRAM COST

• LOW RESIDUAL RISK

• LOW DDT&E

•H IGHEST DDT&E

•2ND HIGHEST TOTAL PROGRAM COST

•HIGHEST OPERATIONAL COMPLEXITY

"H IGHEST TOTAL PROGRAM COST

All Tugs considered had 100% mission capture during the time they are in operation.

Consequently, the main selection criteria become lowest total program costs and

lowest DDT&E, which result in configuration 4-7 being selected. In addition, 4-7 has

low residual risk.

A comparable configuration with the ASE is configuration 4-2. This configuration has

higher performance than the RL-10 Cat IV but with the given mission model the slight

reduction in Tug flights does not offset the DDT&E and operations costs of this engine.
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2.3.3.5 Ca_ility Option 5. This option encompasses phased Tug programs in which

the initial and final vehicles have performance and IOC requirements consistent with

the requirements for the direct developed capability options 1 and 4 respectively. The

subsystem candidates shown in Table 2-53 were selected from the subsystem catalog

in compliance with the drivers of low DDT&E cost for the initial vehicle and high per-

formance with retrieval for the final vehicle. Subsystem phasing is indicated by the

a rrows.

Table 2-53. Subsystem Candidates -- 5

PROPULSION

MAIN ENGINE -RL-10CATEGORYIIA -"* RL-10 CAT. IV

- RL-10 CATEGORY I WBP-_ RL-10 CAT. IV

-RL-10CATEGORY I WBP-'_"ADV. SP. ENGINE

ACPS - N2H4 MONOPROPELLANT
STRUCTURE

BODY SHELL --ALUMINUM ISOGRID _ COMPOSITE SANDWICH

- COMPOSITE SANDWICH

-ALUMINUM SKIN STRINGER

THRUST STRUCTURE-ALUMINUM _ COMPOSITE

- ALUMINUM

THERMAL CONTROL

INSULATION --20 LAYERS KAPTON MLI

-NOMINAL THICKNESS _ LIGHTWEIGHT PURGE BAG

AVIONICS - LOW DDT&E, HIGH AUTONOMY SYSTEM

LOW DDT&E, HIGH AUTONOMY SYSTEM (WITH R&DI

-LOW DDT&E, HIGH AUTONOMY SYSTEM

LOW WEIGHT, HIGH AUTONOMY SYSTEM

The reference initial and final configurations are presented in Figure 2-50. Table

2-54 shows the configuration options that were considered and the resulting geosyn-

chronous payload performance. The subsystem option variations were initial main

engine, body structure, and astrionics. With the exception of configuration 5-4, all

initial Tug configurations were sized based on the requirements for the final Tug. In

configuration 5-4 the initial vehicle was sized for the development mission and the final

vehicle was a completely new Vehicle sized for the retrieval mission. The performance

variations obtained with the subsystem variations in the different options are similar to

those found for the direct developed Tugs in configuration options 1 and 4. All of the

options exceed the minimum payload requirements.

The mission performance characteristics are summarized in Table 2-55. All the con-

figurations capture 100% of the deployment missions. Considering both deployment and

retrieval the mission capture varies from 93% (configuration 5-6) to 98% (configuration

5-1). Configurations 5-4, 5-5, and 5-6, which have the lowest performance, require

the greatest number of velocity packages.
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.... ! !!i̧

Figure 2-50. Reference Configuration -- 5

Table 2-54. Configuration Options -- 5

OPTION

SUBSYSTEM
• 2 _3 1 5-4 _5 _6 _1

PROPULSION

MAIN ENGINE

ACPS

STRUCTURE

TANKS

BODY

THRUST STRUCTURE

INSULATION

PURGE BAG

ASTRIONICS

POWER

AUTONOMY

WEIGHT

DOT&E

PAYLOAD (SYNC. EQ.)

DEPLOY - INITIAL, LB (KG)

RETRIEVE - FINAL, LB (KG)

CAT. I/CAT. IV

N2H 4

AI{RM TEMP.}

COMP. SAND

AI/COMP.

NOM./THIN

SH UTTLE/ADV

F.C. / F.C.

HIGH

LOW

LOW

5263 (2388)

CAT. I/ASE

N2H 4

AL(RM TEMP.)

COMP. SAND

_/COMP.

NOM./THIN

SHUTTLE/ADV

F.C. / F.C.

HIGH

I LOW I'_ LOW

I 5250 (23821

5929 (2689) t 6267 (2842)

CAT. I/CAT. IV

N2H 4

AI (RT)/AI (CRYO)

AI ISO/COMP. SAND

AI/COMP.

NOM./THIN

SHUTT LE/AOV

F.C. /F.C.

HIGH

LOW

LOW

4384 (1989)

6114 (2773)

CAT. I/CAT IV

N2H 4

AI(RM TEMP.)

AI S/S

AI

NOM./THIN

SHUTTLE/ADV

F.C. /F.C.

HIGH

LOW

LOW _

4189 (1900)

5351 (2426)

CAT. I/CAT. IV

N2H 4

Ai (RM TEMP.)

AI S/S

AI

NOM./'THIN

SHUTTLE

FUEL CELL

HIGH

LOW

4414 (2003)

4820 (2186)

CAT. IIA/CAT. IV

N2H 4

AI (RM TEMP.)

COMP. SAND.

AI/COMP.

NON./THIN

SHUTTLE/ADV

F.C. /F.C.

HIGH

LOW / LOW

7096(3219)

5929 (2689)

The program cost data is presented in Figure 2-51. The cost breakdown data is pre-

sented in bar chart form with the initial program costs on the left and total program

costs on the right. The difference represents the costs of the final Tug. The develop-

merit costs for the initial vehicles are in the range of $310M to $320M for those config-

urations having the RL-10 Cat I type engine. The incremental development cost for the

final configurations range from about $170M to over $200M. A typical funding spread

is also presented in Figure 2-51, which shows that the peak year funding occurs in
1978.
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Table 2-55. Mission Performance -- 5

CONFIGURATION

MISSION CAPTURE (%)

DEPLOY DEPLOY& RETRIEVE AVG. NO. OF ON-ORBIT VELOCITY

MISSIONS MISSIONS PAYLOADS/FLIGHT ASSEMBLIES PACKAGES

5-2 100 95 1.42 25 5

5-3 100 95 1.45 21 9

5-4 100 95 1.42 26 23

5-5 100 95 1.42 26 23

5-6 100 93 1.4 26 27

5-1 100 98 1.47 21 3

TUG

PROGRAM

COSTS

($M)

1.400 -

1.200 -

1,000 -

800 -

600-

400-

;_00-

0

0

i

!
I
I

----1

.-,,--.,--//..:

,... ////

," / I'i//

," / I///

I////i,

II11//

5-11 5-11+F

o
r--q

i

i

!,//

¢.//

,.-,= i'/"
/ / _//

"// / ./ .

_",,_/ ,'//

///

5-21 _21+F 5-31 5-31+F 5-41 541+F

Q
-----1

I
i

! / / /_ ./ / /

"""//x/"'-/, "V// " " "

V/_"/J_"/×" ""Illl

5-51 5-51+F 5-61 5-61+F

r----_OPERATIONS

F'---'_PRODUCTION

[_-'_"_DDT&E

0 COST/LAUNCH($M)

FUNDING

($M)

200-

100-

0
74

'/_ TYPICAL FOR THIS OPTION

P'ROD. \

DDT&E

/,, °Ns
75 76 77 78 79 80 81 82 83 84 85 86 87

YEAR

I I
88 89

Figure 2-51. Program Cost -- 5
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Table 2-56. Configuration/Program Summary Comparison -- 5

COST ($ MILLION) PERFORMANCE OPNS. ! RISK
COMPLEX.

TUG TO FAL INITIAL FINAL _ CRITICAL

TOTAL COST/ PRq)G. PEAK YR, DEP. RET. TUG EVENTS/ RESID.

OPTION PROG. DDT&E FLIGHT CO;T/PL FUNDING LB IKG)I LB (KG) FLIGHTS PAYLOAD RISK

(_ 3221 1.25/ 9.51 205 (78) 5263 5929 424 4.14 22/185,784

517 1.22 (2388) (2689)

(_ 322/ 1.25/ 9.56 224 (78) 5250 6267 4205,812

571 1.27 (2382) (2842)

,54 5,925 311/ 1.32/ 9.75 200 (78) 4384 6114 428

577 122 (1989) .(2773)

(_ 5,828 310/ 1.31/ 9.59 195 (78)

515 1.17

(_ 310/ 1.31/ 9.7 195 (78)5,799

489 1.2

5-1 5,670 360/ 1.25/ 8.9 211 (78)

555 1.22

4189 5351 429

(1900) (2426)

4414 4820 429

(2003) (2186)

7096 5929 412

(3219) (2689)

t 4.11 22/21

4.19 22/18

4.20 20/17

I

4.26 20/17

398 !25/15

I

PAY LOAD
IMPACT GROWTH

GOOD GOOD

GOOD GOOD

FAIR POOR

FAI R GOOD

FAIR VERY GOOE

VERY GOOD

GOOD

A summary comparison of the major evaluation data for the configurations in this capa-
bility option is shown in Table 2-56.

Configuration 5-1 is deleted since it has high DDT&E cost. The initial performance of

5-1 is the highest but is probably not worth the investment. Configuration 5-4, which

involves completely different initial and final vehicles, has the highest development

and operations cost and is deleted. The other configurations, which all have RL-10

Cat I engine phasing to RL-10 Cat IV engines, are retained for consideration for
selection.

The ranking of these four configurations along with the advantages and disadvantages is

presented in Table 2-57. Program 5-2 was selected on the basis of low total program

cost and high performance. Although 5-6 has $5M lower total program cost, its per-

formance is considerably lower in both the interim and the final configurations. Pro-

gram 5-3, with slightly higher performance, has $28M more total program cost.

Program 5-5, although having lowest DDT&E, has the highest total program costs.

2.3.3.6 Capability Option 6. This is a phased Tug program option in which the initial

and final vehicles have performance and IOC requirements consistent with the defini-

tions for the direct developed capability options 2 and 4. Both the initial and final

vehicles have retrieval capability. The candidate subsystem shown in Table 2-58

were selected based on the drivers of medium performance and low development cost
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for the initial vehicle and high performance for the final vehicle. Subsystem phasing

is indicated by the arrows in Table 2-58. All advanced engines were considered in

this capability option including use of PFC versions for the initial configuration.

Table 2-57. Ranking and Selection Rationale - 5

5-2 "LOW TOTAL PROGRAM COST

• LOW OPERATIONAL COMPLEXITY

(]_) •LOWEST TOTAL COST/PAYLOAD

• HIGH PERFORMANCE

5-6 -LOWEST INITIAL DDT&E

• LOWEST TOTAL PROGRAM COST

• GOOD EASE OF EVOLUTION

5-3 •HIGH PERFORMANCE

(_ •LOW OPERATIONAL COMPLEXITY

• LOWEST NUMBER OF TUG FLIGHTS

5-5

®

• HIGH OPERATIONAL COMPLEXITY

• LOWEST PERFORMANCE

• LOWEST MISSION CAPTURE

• HIGHER TOTAL PROGRAM COST

• LOWEST INITIAL DDT&E •HIGHEST TOTAL PROGRAM COST

• HIGH OPERATIONAL COMPLEXITY

Table 2-58.

PROPULSION

MAIN ENGINE

Subsystem Candidates -- 6

ACPS
k

INITIAL I_ STRUCTURE

i

MEDIUM

CAPABILITY _> BODY SHELL Z

FINAL HIGH /
CAPABILITy/

]/ THRUST STRUCTURE --

THERMAL CONTROL

INSULATION

AVIONICS

PFC AEROSPIKE

PFCADV. SP. ENGINE

RL-IO CAT. I IA

RL-10 CAT. I IA

RL-10 CAT. I IA

RL-10 CAT. IWBP

--_ AEROSPIKE

--_ ADV. SP. ENGINE

--_ RL-]0 CAT. IV

--_ AEROSPIKE

--_ ADV. SP. ENGINE

RL-10 CAT. IV

N2H4 MONOPROPELLANT--_ H2-O2 B IPROPELLANT

N2H4 MONOPROPELLANT

ALUMINUM ISOGRID --_ COMPOSITE SANDWICH

ALUMINUM SKIN-STRINGER

COMPOSITE SANDWICH

ALUMINUM --_ COMPOSITE

ALUMINUM

20 LAYERS OF KAPTONMLI

NOMINAL THICKNESS --_ LIGHTWEIGHT PURGEBAG

LOW DDT&E, HIGH AUTONOMYSYSTEM --_

LOWWEIGHT, HIGH AUTONOMYSYSTEM

MEDIUM WEIGHT, HIGH AUTONOMYSYSTEM -_

LOWERWEIGHT, HIGH AUTONOMYSYSTEM
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Table z-59. Configuration Options -- 6

PROPULSION

MAtH ENGINE

ACPS

STRUCTURE

TANKS

BODY

1 H_I._T STRUCTURE

INSULATION

PURGE BAG

,C_STRIONICS

POWER

AUTONOMY

WEIGHT

DOT&E

PAYLOAD (SYN'C, EO)

RETRIEVE INITIAL, L_ _KG

RETRfEVE - FINAL, LB (KGI

OPTION

6.3 66 6-8 6 12 6 4 I as e-s 6-_o 6-1 ] _-11

CAT, II/CAT. IV CAT HA/CAT IV CAT. IIAJCAT. IV CAT. IIA/CAT. IV CAT IIA/A5 CAT II,_/ASE CAT. f/CAT. IV PFC A-S/A.S PFC A,S/A_; PFC./_E/ASE

N2H 4 N2H 4 N2H 4 N2H4 N2H 4 N2H 4 N2H 4 I_H 4 H20 2 N2H4

AI (RM TEMP.) AI (RM TEMP) At (RM TEMP.) AI (RM TEMP ) AI {RM 1EMP.) AI (RM TEMP,) AI IRM TEMP.I AJ (RM TEMP.) AI {RM TEMP.) AI (RM TEMP )

COMP SAND AL ISOfCOMPS AI S/S COMP SAND (_OMP SAND COMP ,_&NO AJ ,_S COMP SAND COMP, SAND COMP. SAND

AI/COMP A_COMP. At AIICOMP AI/COMP AI/COMP _ AI/COMP. AIICOMP. /G/COMP,

NOM /THIN NOM/THIN NOM/THIN NOM/THIN NOM /] HJN NOM/THIN NOM/THIN NOM,]THIN Nd_MJTHIN NOM/I"H(N

/ ...... :=T/::V ..... '........ 1......ov S.OT  .UTSHOT.... .... '..... ...... P. ./FC.....
HIGH HIGH HIGH HIGH HIGH HIGH HIGH HIGH HIGH HIGH

LOW LOW LOW MED I__ LOW /LOW /LOW ._LOW /LOW LOW
LOW LOW '_ LOW _'_" I LOW LOW LOW LOW LOW LOW /

!

3206 11453,_ 32_5 114_._ 4069 I18541 f 3836 (17391 397E (18031 2119 (L3'611 4575 (1975] 4680 (2123| 5062 (2296J3985 V_B071

5929 (2689) 5929 _26891 5351 (2427) 5834 _2646 1 5794 i26281 6267 (28.421 5351 12427) 5793 (2627 5343 (2423) 6266 (28421

Table 2-59 presents the configuration options considered and the reference geosyn-

chronous payloads for both the initial and final vehicles. The subsystem variations

considered were main engines, ACPS, body structure, and astrionics. As in the other

phased options, i.e., options 3 and 5, the initial configurations were sized based on

the requirements for the final retrieval mission. All configurations greatly exceed

the minimum required performance in both the initial and final configurations. The

effects of the subsystem variations are similar to those found in the other capability

options. The use of PFC versions of the Aerospike and ASE engines for the initial

configurations results in a significant performance increase over use of the RL-10

Cat II as shown by comparing configurations 6-4 and 6-5 with configurations 6-10 and

6-11. The PFC engines cannot meet the December 1979 IOC, however. The initial

configuration 6-9, which uses the RL-10 Cat I, has marginal performance.

The mission performance characteristics are summarized in Table 2-60. All of the

configurations except those with the 1)FC engines can capture i00% of the mission

model. The reduced mission of the PFC engines is a result of the delayed IOC,

March 1981 for the PFC Aerospike and October 1981 for the PFC ASE.

The program cost data is presented in Figure 2-52 for the initial vehicles and the

total program. Those configurations using the PFC engines initially have develop-

ment costs greater than $450M compared with about $375M for configurations using

an RL-10 Cat II engine initially. The typical funding occurs in 1978 and is a combina-

tion of DDT&E and production costs.

Table 2-61 presents a summary comparison of the configurations in capability option

6. Configurations 6-1, 6-10, and 6-11, which use PFC versions of the Aerospike and

ASE, are deleted since they do not meet the 1979 IOC. Configuration 6-9, which uses

an RL-10 Cat I engine, has marginal performance and is deleted. Configurations 6-4

and 6-6 are deleted since they have low performance and either high initial develop-

ment or high total program costs. The other configurations are retained for consider-

ation for selection.
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Table 2-60. Mission Performance -- 6

CONFIGURATION

MISSION CAPTURE (%)

DEPLOY DEPLOY 8,.RETRIEVE AVG. NO. OF ON-ORBIT VELOCITY

MISSIONS MISSIONS PAYLOADS/FLIGHT ASSEMBLIES PACKAGES

6-3 100 99 1.53 21 3

6-6 100 99 1.48 24 4

6-8 100 99 1.47 24 4

6-12 100 99 1.53 21 3

6-4 100 99 1.52 22 3

6-5 100 99 1.54 17 7

6-9 100 99 1.43 25 14

6-10 100 92 1.55 20 2

6-1 100 91 1.54 20 2

6-11 100 89 1.57 13 5

1,OOO-

TUG 800-

PROGRAM

COSTS

($M) 6OO-

400-

200--_

!?i'_,

6-II 6.11 &

7// 7//

F 6.31 6-31 & F gl 641 & F

I

..... 7q

6.51 6-51 & F 6-81 6-61 & F 6-81 681 & F 6-91 6-91 & F 6-101

FUNDING

($M)

200--

0

75 76

ROD. TYPICAL FOR THIS OPTION

DDT&E _

Z I I j

77 78 79 80 81 82 83 84 85

YEAR

-I

//
//J

6-111 6.121
6.101 & F 6-111 & F 6-121 & F

[_OPERATIONS

PRODUCTION

_DDT&E

O COST/LAUNC($M)

Figure 2-52. Program Cost -- 6
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Table 2-61. Configuration/Program Summary Comparison -- 6

OPTION

@
6-6

@
G
64

@
6-9

6-10

6-1

6-11

COST (S MILLION) PERFORMANCE

TUG TOTAL INITIAL FINAL
TOTAL COST/ PROG. PEAK YR. DEP. RET. TUG

PROG. DDT&E FLIGHT COST/PL FUNDING LB (KG) LB (KG) FLIGHTS

5,775 378/ 1.26/ 9.04 205 (78) 3985 5929 419

552 1.35 (1807) (2689)

5,929 369/ 1.19/ 9.31 201 (78) 3206 5929 432
601 1.21 (1453) (2689)

5,857 367/ 1.17/ 9.21 195 (78) 3295 5351 433

551 1.16 (1494) (2427)

5,748 379/ 1.25/ 9.0 208 (78) 4089 5834 419

563 1.21 (1854) (2646)

5,822 379/ 1.25/ 9.13 218 (78) 3836 5794 421
575 1.36 (17391 (2628)

5,760 378/ 1.26/ 9.04 224 (78) 3975 6267 415

605 1.36 (1803) (2842)

5,992 329/ 1.24/ 9.4 200 (78) 2119 5351 446
513 1.16 (961) (2427)

5,437 455/ 1.48/ 9.25 188 (78) 4575 5793 380

537 1.37 (1975) (2627)

5,524 4 61/ 1.48/ 9.44 185 (78) 4680 5343 381

589 1.59 (2123) (2423)

5,115 465/ 1.56/ 9.0 183 (78) 5062 6266 362
551 1.26 _ (2842)

OPNS. I

COMPLEX. I RISK

CRITICAL
EVENTS/ RESID
PAYLOAD RISK

4.0 25/15

4.16 31/17

4.09 30/15

4.0 25/16"

4.O 25/23

3.98 25/20

4.17 25/17

3.97 31/9

3,99 31/9

3.93 33/9

PAY LOAD
IMPACT GROWTH

GOOD GOOD

GOOD FAIR

GOOD GOOD

GOOD GOOD

FAI R GOOD

GOOD GOOD

GOOD GOOD

VERY VERY

GOOD GOOD

GOOD POOR

VERY VERY

GOOD GOOD

Table 2-62. Ranking and Selection Rationale - 6

ADVANTAGES D ISADVANTAGE S

6-3 "LOWEST DDT&E "HIGHEST TOTAL PROGRAM COST

(_) "LOWEST RES IDUAL R ISK

6-12 "LOWEST TOTAL PROGRAM COST "HIGHEST DDT&E

(_ "LOWEST TOTAL COST/PAYLOAD

6-5 "LOWEST TUG FLIGHTS "HIGHEST RESIDUAL RISK

(_) "LOWESTOPS. COMPLEXITY

6-8 "LOWEST DDT&E "LOW PERFORMANCE

"HIGH TOTAL PROGRAM COST

Table 2-62 presents the ranking of the remaining four configurations along with the

advantages and disadvantages as determined from the evaluation data in Table 2-61.

All other programs have 100% the same mission capture. Program 6-3 was selected

on the basis of lowest total DDT&E and slightly lower residual risk. Programs 6-3 and

6-12 are quite close in evaluation. Program 6-5 although having DDT&E comparable
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to 6-3, has approximately $80M higher total program cost with reduced performance in

both the initial and final configurations.

2.3.3.7 Capability Option 7. This is a direct developed option with retrieval that has

the same requirements as capability option 2 except that the IOC is December 1983.

The later IOC allows more advanced subsystems to be considered since peak funding

occurs after the Shuttle peak funding. The candidate subsystems in Table 2-63 were

selected considering the drivers of medium performance and a 1983 IOC.

Table 2-63. Subsystem Candidates -- 7

PROPULSION

MAIN ENGINE

ACPS

- RL-10 CATEGORY I WITH BOOST PUMPS

- RL-IOCATEGORY I IA

- N2H4 MONOPROPELLANT

STRUCTURE

BODY SHELL

MEDIUM IHRU ST STRUCTURE -

PERFORMANCE, \

RETR IEVAL, / IANKS

1983 IOC . /

V
THERMAL CONTROL

I NSULATI ON

AVIONICS

ALUMINUM SKIN-STRINGER

COMPOSITE SANDWICH

ALUM INUM

COMPOSITE

SUSPENDED ALUMINUM, ROOM-TEMP. ALLOWABLES

SUSPENDED ALUMINUM, CRYOGENIC ALLOWABLES

LOAD-BEARING ALUMINUM

- 20 LAYERS OF KAPTON MLI

- NOMINAL THICKNESS PURGE BAG

- LIGHI'I'VEIGHT PURGE BAG

- LOW DDT&E, HIGH AUTONOMY SYSTEM

- LOW WEIGHT, HIGH AUTONOMY SYSTEM

-- LOW WEIGHT, HIGH AUTONOMY, DUAL CENTRAL SYSTEM

Conceptually, the reference configuration is similar to the reference configuration in

option 1 (Figure 2-43) except that it is sized for a retrieval mission, uses an RL-10

Cat IIA engine, and has a different astrionics system.

Table 2-64 shows the configurations considered in option 7 and the resulting geosyn-

chronous retrieval payload. The variations considered were in main engine, structural

concept, tankage, body structure, and astrionics. All configurations met the 2200 lb

(998 kg) retrieval payload capability. The load-bearing tank vehicles were slightly

heavier than the suspended tank vehicles, which resulted in a loss of payload capa-

bility of about 200 lb (91 kg). The performance variations with the other subsystem

variations were similar to those discussed in capability option 2.

The mission performance characteristics are summarized in Table 2-65. All payloads

are deployed, following IOC in December 1983. Mission capture over the years 1984-

90 is in the 90 to 98% range. The Tug-to-Tug on-orbit assemblies are constant at 15

for all configurations. A small number of velocity packages is required.
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Table 2-64. Configuration Options -- 7

OPTION

SUBSYSTEM 7-5 7-2 7-6 7-7

PROPULSION

MAIN ENGINE

PRESSURIZATION

ACPS

i STRUCTURE

TANKS

BODY

THRUST STRUCTURE

INSULATION

PURGE BAG

ASTR IONICS

POWER

AUTONOMY

WEIGHT

DDT&E

PAYLOAD (SYNC. EO.)

DEPLOY. LB (KG)

RETRIEVE, LB (KG)

CAT. IIA

SELF

N2H 4

AI (RT)

At S/S

AI

NOM.

CAT. I|A

SELF

N2H 4

AI (CRYO)

COMP.

SAND

COMP.

THIN

CAT. IIA

SELF

N2H 4

AI (RT)

AI S/S

AI

NOM.

CAT, IIA

SELF

N2H 4

AI (RT)

AI SJ3

AI

NOM.

7-1 74

CAT I WBP

SELF

N2H 4

AI(RT)

COME

SAND

AI

THIN I _M.

AOV. FUEL i AOV. FUEL
l, CELL i CELL

I HIGH HIGH

MED, MED.

MED. MED,

476011259) 3279 (1487)

CAT. IIA

SELF

N2H 4

LOAD BRG

COMP.

SAND

COMP.

AOV. FUEL ADV. FUEL

CELL CELL

HIGH HIGH

MEO. MEO.

MED. MED.

I
i
i

4011 11819) I 494B (2244)

I

AOV. FUEL

CELL

HIGH

LOW

4083 11852)

SHUTTLE

FUEL CELL

HIGH

LOW

3480 (1578}

Table 2-65, Mission Performance -- 7

CONFIGURATION

MISSION CAPTURE (%)*

DEPLOY DEPLOY & RETRIEVE AVG. NO. OF 0N-0RBIT VELOCITY

MISSIONS MISSIONS PAYLOADS/FLIGHT ASSEMBLIES PACKAGES

7-5 100 92 1.43 15 4

7-2 100 98 1.5 15 4

7-6 100 94 1.45 15 4

7-7 100 90 1.35 15 6

7-1 100 98 1.5 15 4

74 100 92 1.43 15 4

*MISSION MODEL YEARS 1984-1990.
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PROGRAM
COSTS
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1,400 -

1.200 -

1,000-

800-

600-

7-2

////Jl
7-4 7-5 7-6 7-7

OPERATIONS

PRODUCTION

DDT&E

_--_ COST/LAUNCH ($M)

200 -

FUNDING
($M) 100 -

0 --
75

I

76

TYPICAL FOR THIS OPTION

_ONS

.77 78 79 80 81 82 83 84 85
YEAR

Figure 2-53. Program Cost -- 7

Figure 2-53 presents the program cost data and a typical funding spread, which shows

the peak year funding occurring in 1982. The development costs are in the range of

$350M to $390M. Total Tug program costs are lower than some of the other options be-

cause the 1983 IOC eliminates the early flights.

A summary comparison of the major evaluation data for the configurations in Option 7

is shown in Table 2-66. Configuration 7-7 has the highest total program cost and cost

per flight and is deleted. Configuration 7-4, which utilizes an RL-10 Cat I engine,

has the lowest development cost but it also has a significantly lower payload. Since

performance and total program cost rather than development cost are probably the

major drivers for a 1983 IOC Tug, this configuration is deleted from consideration

for selection. The remaining four configurations were retained for selection and are

ranked in Table 2-67.

Configuration 7-5 was selected on the basis of lowest DDT&E, and low total program

cost. In addition its performance margin was sufficiently high to preclude performance

risk concern for this capability option. Configurations 7-1 and 7-2, while having rela-

tively high total program cost and higher DDT&E costs, have sufficiently high per-

formance to be considered as candidates for capability option 4.
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Table 2-66. Configuration/Program Summary Comparison

COST ($ MILLION)

TUG TOTAL
TOTAL: COST/ PROG. PEAK YR.

OPTION PROG. DDT&E FLIGHT COST/PL FUNDING

4,000 378 1.15 9.44 140 (82)
4,034 385 1.20 9.0 146 (82)

389 1.15 9.28 1263,996 (82)

7-7 4,132 369 1.16 10.00 150 (82)

C_ 387 1.19 9.0 147 (82)4,034

7-4 4,010 348 1.24 9.48 159 (82)

PERFORMANCE OPNS. RISK
COMPLEX.

PAYLOAD CRITICAL
-RET. TUG EVENTS/' RESID.

LB(KG) FLIGHTS PAYLOAD RISK

4011 296 4.13 23

(1819)

4948 296 4.01 19

-(2244)

4083 296 4.09 26

(1852)

3480 306 4.26 24

(1578)-

4760 296 4.02 18

(1259)-

3279 296 4.13 21

(1487)

PAYLOAD

IMPACT GROWTH

GOOD FAIR

VERY FAIR

GOOD

GOOD FAIR

FAIR FAIR

VERY FAIR

GOOD

GOOD GOOD

Table 2-67. Ranking and Selection Rationale - 7

TOTALPROGRAM COST WITHIN 38 MILLION FOR REMAINING OPTIONS

ADVANTAGES DI SADVANTAGES

7-5

O
• 2ND LOWESTTOTAL PROGRAM COST

• LOWESTDDT&E

MEDIUM RES

• LOWESTTOTAL PROGRAM COST •HIGHEST DDT&E

• 2ND LOWESTDDT&E

• HIGH PERFORMANCE (CANDI DATEFOR •HIGH TOTAL PROGRAM COST
BUCKET 4) •HIGH DDT&E

• HI GH PERFORMANCE(CANDI DAE FOR =,HIGH TOTAL PROGRAM COST

BUCKET 4) •HIGH DDT&E

• HIGHEST CR ITICAL EVENTS

• HIGHEST TOTAL PROGRAM COST/PAYLOAD

• LOWESTPERFORMANCE

IDUAL RISK

7-5

®
7-2

®
7-1

®

2.3.4 CONCEPT SUMMARY AND RECOMMENDATIONS (GDCA). As discussed above,

recommended configurations were selected in each of the seven capability options. The

next step in Task 3 was selecting up to four configurations/programs from the seven

for recommendation to the government for program definition analyses in Task 5.

Table 2-68 summarizes the major subsystem features of the recommended configura-

tions in each option. The recommended main engines are all RL-10 derivatives. An

N2Ha ACPS system is recommended for each configuration. The structure subsystem
varies depending on capability level and IOC. There are only three basic astrionics

systems. The system in configuration 1-5 is identical with the system for the initial
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Table 2-68. RecommendedConfiguration Options
OPTIONS

SUBSYSTEM 1-5 2-7 7-5 4-7 3-9 5-2 6-3

PROPULSION

MAIN ENGINE

ACPS

STRUCTURE

TANKS

BO',_Y

THRUST STRUCT.

IN,_ULATION

PURGE BAG

ASTR IONICS

POWER

AUTONOMY

WEIGHT

DDT&E

MISSION

REOUIREMENT

CAT. I WBP

N2H 4

AI(RT)

AI S/S

AI

NOM.

SHUTTLE

FUEL CELL

HIGH

LOW

DEPLOY

CAT. I WBP

N2H 4

AI (RT)

AI S/S

AI

NOM.

ADV. FUEL
CELL

HIGH

LOW

RETRIEVE

CAT. IIA

N2H 4

AI(RT)

AI S/S

AI

NOM.

ADV. FUEL
CELL

HIGH

MED.

MED.

RETRIEVE

CAT. IIA

N2H 4

AI(CRYO)

COMP. SAND

COMP.

THIN

ADV. FUEL
CELL

HIGH

MED.

MED.

RETRIEVE

CAT. I WBP

CAT. lIB

N2H 4

AI(RT)

AI S/S

AI

NOM/THIN

SHUT/ADV.

F.C./F.C.

HIGH

LOW

f
LOW

DEP/RET

CAT. I WBP

CAT. IV

N2H 4

AI (RT)

COMP. SAND

AI/COMP.

NOM./THtN

SHUT/ADV.

F.C./F.C.

HIGH

LOW

/
LOW

DEP/RET

CAT. IIA/
CAT. IV

N2H 4

AI (RT)

!COMP. SAND

AI/COMP.

NOM./THIN

SHUT/ADV.
F.C./F.C.

HIGH

LOW
/

LOW

RET/RET

vehicle in options 3 (3-91) and 5 (5-2I). The system for configuration 2-7 is the same

as the system for the initial Tug in option 6 (6-3I). Configurations 4-7 and 7-5 have

identical astrionics systems, which are the same as the final vehicles in options 3
(3-9F), 5 (5-2F), and 6 (6-3F).

The performance and mission capture characteristics are presented in Figure 2-54.

The geosynchronous deployment performance ranges from 4500 lb {2041 kg) for the

option 1 configuration to almost 10,000 lb (4536 kg) for the Option 4 configuration. Re-

trieval performance ranges from 2700 lbs for option 2 to 6300 lb (2858 kg) for the

option 4 configuration. All the Tug configurations can accomplish 100% of the deploy-

merit missions during their operational time period. However, when considering both

deployment and retrieval opportunities mission capture is less than 100% for all options

except for 4-7, which is 100% following the Tug IOC in December 1983, but drops to

71% over the full mission model span from 1980 to 1990. Mission capture based on

deployment and retrieval is 64% for option 1-5, which has no retrieval capability. The

other options have intermediate levels of mission capture reflecting their payload-to-
orbit capability and Tug IOC.

The average number of payloads per Tug flight reflects the performance capability of

the recommended options. Option 1-5 has the lowest payload-to-orbit capability and

cannot retrieve payloads; the average number of payloads per flight for this option is

1.2. At the other extreme, option 4-7 has the maximum performance capability and

carries, on the average, 1.56 payloads per Tug flight. The other Tug options fall in
between these extremes.
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A Tug program cost comparison is presented in Figure 2-55. DDT&E costs for direct

developed options range from $317M for option 1 to about $450M for option 4. The

phased programs have initial DDT&E costs in the range of $315M to about $380M with

total DDT&E costs between $420M and about $550M. In comparing total Tug program

costs it is important to consider that options 4 and 7 only operate after 1983 and that

option 1 and the initial configurations in options 3 and 5 do not have retrieval capability
and hence cannot do a lot of the missions.

Table 2-69 compares the recommended configurations in each capability option on the

basis of cost and performance criteria. The options are arranged in the order of in-

creasing capability for direct developed and phased programs. Option 1 has the lowest

development cost and the lowest total program cost for programs having a 1979 IOC.

However, without retrieval capability it only captures 64% of the mission model. The

low total program cost for options 7 and 4 arises from the fact that they have a 1983

IOC and hence less flights. The full capability vehicle 4-7 and the final vehicles in

options 5 and 6 have almost the same performance capability. As expected in the direct

developed programs, increasing capability requires higher development cost. In the

phased programs increased capability requires higher development cost. However,

the total program cost is lower for option 6 {early retrieval) than for option 5 (retrieval

in 1983). This occurs since the higher performance capability in option 6 yields fewer

Tug flights to accomplish more of the mission model. The Tug program cost per pay-

load delivered or retrieved is also the lowest in option 6.

It is interesting to note that except for option 1 all the options have a total program cost

per payload delivered or retrieved less than the $10.5M Shuttle launch cost. This is

due to the high performance capability of these cryogenic Tugs, which permits significant

multiple payload missions.

At the time of the concept selection meeting four capability options and their respective

configurations were recommended for further analysis. These were options 5, 4, 7,
and 2.
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Figure 2-55. Program Cost Comparison

Table 2-69. Recommended Option Comparison

PROGRAM
TYPE

DI RECT

PHASED

BUCKET

RECOMM.

CONFIG.

1 1-5

2 2-7

7 7-5

4 4-7

3 3-9

5 5-2

6 6-3

TOTAL

PROG.

4553

5826

4OOO

I 4110

5694

'5784

5775

COST ($M) l PERFORMANCE

DDT&E

317

341

378

451

316/424

322/517

3781552

TOTAL

PROG. I

COST/ I DEPLOY (LB.)

PAYLOAD
i

11,02 ; 4915 (2229)

9.88

9.44

8.96

9.78 4492 (2028)

9.51 5263 (2388)

9.04

J

GEOSYNC. PAYLOAD

RETRIEVE (LB.)

2736 (1241)

4011 (1819)

6114 (2773)

4345(1971)

5929(26891

3985/5929

(1807)/12689)

MISSION*

ACCOMP. (%)

64%

92%

92% (65%)

100% (71%)

90%

95%

99%

*ALL TUGS ACCOMPLISH 100% OF DEPLOYMENT MISSIONS

( ) MISSION ACCOMPLISHMENT OVERENTIRE MODEL YEARS

Option 5 was selected since it gave early deployment capability for low initial DDT&E

costs and had the capability to phase into the high performance retrieval capability

Tug. From the seven options considered in the systems study, it offered the best

solution to the problems of Tug requirements and funding limitations.
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The second recommended option was option 4, configuration 4-7, a direct developed

full capability Tug with a 1983 IOC. This option provides a full capability Tug and

avoids the early year funding problems. With this options some type of interim Tug

is required prior to the 1983 IOC in order to accomplish the Shuttle mission model.

The third recommended option was option 7, configuration 7-5. Like option 4, this is

a direct developed Tug with payload retrieval capability and a 1983 IOC. It differs

from option 4 in that it has a lower retrieval payload capability and hence has lower

development cost.

The fourth recommended option was option 2, configuration 2-7, a direct developed

Tug with moderate retrieval capability available in 1979. It would provide an early

retrieval capability at moderate DDT&E cost.

2.3.5 SELECTED CONCEPTS (GOVERNMENT). The configuration/program data

generated in Task 3 and summarized above was presented to the government at the

Concept Evaluation and Selection meeting. The government reviewed the data and

recommendations of General Dynamics/Convair Aerospace Division and the other

Space Tug System Study contractors and selected three programs for analyses in the

Program Definition phase, Task 5. The government selected programs are as
follows:

a. Program 1 -- Program 1 is a direct development Tug with an IOC of December

31, 1979. It has a minimum performance requirement of 3500 lb (1588 kg) pay-

load placement in a synchronous equatorial orbit. It has minimum development

cost and is designed without growth capability and without payload rendezvous

and docking capability. The maximum on orbit mission duration is 36 hours.

Do Program 2 -- Program 2 is a direct development Tug with an IOC of December

31, 1979. It has rendezvous and docking capability and has a minimum perform-

ance requirement of 3500 lb (1588 kg) payload retrieval from a synchronous

equatorial orbit. The emphasis in this program was on total program cost
effectiveness for low DDT&E costs.

Co Program 3 -- Program 3 is a phased development program with the initial vehicle

available on December 31, 1983. The initial vehicle has deploy only capability

with a minimum performance requirement of 3500 lb (1588 kg) placement to syn-

chronous equatorial. The final vehicle has payload retrieval capability with a

minimum performance requirement of 2200 lb (998 kg) retrieval from synchronous

equatorial. The emphasis on this program was minimum DDT&E cost for the

initial configuration phasing to a configuration which emphasized low total program
cost.

Section 2.4 will present a summary of the program definitions which were developed

in Task 5 to satisfy these three program concept options.
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2.4 PROGRAMDEFINITIONS

The major objective of the program definition task was to develop detailed definition

data for the three programs selected by the government at the Concept Evaluation and

Selection Meeting. The emphasis in generating the data was on the programmatic

aspects. The technical aspects were covered to the extent necessary to yield credible
programmatic and cost data.

In addition to developing data on the baseline programs it was also the objective of

this task to determine certain configuration and programmatic sensitivites. The

major sensitivities included IOC, performance level, servicing mission, and the use

of advanced engines.

The program definition data was required at the data dump to be available for the

government assessment. The time after the data dump was used in further analysis

of the options with a limited amount of updating.

The selected configurations for the three programs are shown in Figure 2-56 along
with the basic program requirements.

The emphasis in Program 1 was on minimum DDT&E cost. The selected configuration

uses conventional structure and an existing engine. To minimize costs, maximum use

has been made of Centaur components such as astrionics and engine support components.

PROGRAM I

• >-3,500 LB. PLACEMENT
TO SYNCHRONOUS EOUATORIAL

• NO PAYLOAD RETRIEVAL

• MINIMUM DDT&E

• IOC DEC. 1979

AI SKIN-STRINGER
SHELL \ CATEGORY I

NGINE

AI TANKS / MAJOR EMPHASIS
ON USE OF CENTAUR/
SHU'I-rLE COMPONENTS

PROGRAM 2

• >--3,500 LB. RETRIEVAL
FROM SYNCHRONOUS EQUATORIAL

• LOW DDT&E/TOTAL PROGRAM
COST EFFECTIVENESS

• IOC DEC. 1983

COMPOSITE SANDWICH
BODY STRUCTURE

ADVANCED _'!

ASTRIONICS _

AI TANKS _-_

CATEGORY liB
ENGINE

PROGRAM 3

• PHASED

INITIAL --

FINAL --

>-3,500 LB. PLACEMENT
IOC DEC. 1979

>-2,200 LB. RETRIEVAL
IOC DEC. 1983
LOW TOTAL PROGRAM COST

A! SKIN-STRINGER
._.... \ CATEGORY I
_MP-- _ ENGINE

/

AI TANKS _ !" "'' " PHASE ASTRIONICS

SYSTEM

Figure 2-56. Selected Configurations

2-106



The emphasis in Program 2 was more on total program cost effectiveness, which is

reflected in the higher performance requirement. The increased performance was

obtained by using a RL-10 Cat IIB engine, a composite sandwich shell, and more ad-

vanced astrionics.

Program 3 is a phased program in which the emphasis for the initial vehicle is on

minimizing DDT&E cost while for the final vehicle the emphasis is more on low total

program cost. The major configuration phasing in this program is from a low cost

astrionics system to an advanced lightweight system with rendezvous and docking

capability.

The three sections that follow summarize the program definitions. With the exception

of the last section under each program, which presents the program update since the

data dump, the program data represents the definition at the time of the data dump.

2.4.1 PROGRAM 1

2.4.1.1 Co__iguration. The inboard profile drawing of the Program 1 Tug is shown

in Figure 2-57. The stage is sized for maximum deployment capability to a synchro-

nous equatorial orbit. With primary emphasis in this program.being low DDT_zE cost,

the subsystems have been chosen with this in mind. The main engine is the RL-10

Cat I operating at a mixture ratio of 5:1. The tankage is 2219-T87 aluminum alloy.

Elliptical dome bulkheads of welded gores offer lower cost at a negligible weight

penalty. The shell is aluminum with skin-stringer construction. A zero-g vent sys-

tem is installed on each tank. The ACPS is hydrazine monopropellant with helium

pressurized positive explusiou tanks. Line and tank heaters have been included to

condition the hydrazine. Sixteen ACPS engines in four clusters of four provide all axis

maneuver capability and fail-operational/fail-safe redundancy.

The avionics suit relies heavily on Centaur-developed components. The computer is

the Centaur computer with increased memory capacity. The IMU is the DIGS strap-

down, which has been integrated with a similar computer. The TVC is hydraulic with

_n engine driven pump identical with the Centaur. Most of the instrumentation and com-

munications subsystems are revised Centaur components. A fuel cell is utilized for

power in preference to batteries because of the excessive weight of a battery system.

The avionics is made redundant by utilizing three computers, two IMUs, two commu-

nications systems, three safety instrumentation systems, a backup emergency battery,

etc. Level 1 autonomy has been retained and the necessary update equipment (horizon

and star sensors) included.

The insulation system is similar to that used on the Centaur, consisting of 11 layers

of dimpled, doubly aluminized Kapton film. The astrionics module sidewall is utilized

to radiate component generated heat to space. Portions of this sidewall (about 25%)

are insulated to prevent excessive cooldown. A radiator is located in the intertauk

area to reject fuel cell waste heat.
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2.4.1.2 Subsystems

Structure and Mechanisms -- The selected characteristics and the supporting selection

rationale for the structural/mechanical subsystems are summarized in Figure 2-58.

The combination of suspended monocoque fuel tank and full-length body structure is

lighter and less expensive than the option featuring an integrally stiffened, load-

bearing tank with less body structure. Suspension of both tanks with discrete thermal

isolation struts reduces heat input and resultant propellant boiloff.

Grade 2219-T87 aluminum was selected as the preferred tank material from among 12

candidates. Its frequent recent use has permitted detailed characterization in key

categories of fracture toughness, stress-corrosion resistance, and weldability, where

it is unsurpassed by other aluminum alloys. In addition, it results in one of the lightest

tank systems.

Ellipsoidal bulkheads with a/b = 1.38 avoid compressive hoop stresses and provide

tank lengths compatible with the total vehicle length constraint. Gore construction is

used in preference to the one-piece, spin-formed option due to lesser development,

higher strength, and a negligible, 4 lb (1.8 kg), weight penalty.

SUBSYSTEM CHARACTERISTICS RATIONALE

(_, (_ PROPELLANT TANKS

BODY STRUCTURE

® THRUST STRUCTURE

(_) METEOROID SHIELD

_ PAYLOAD INTERFACEORBITER INTERFACE

• MONOCOQUE; SUSPENDED FROM BODY
• 2219-T87 ALUMINUM
• ELLIPSOIDAL GORE BULKHEADS

• 3 SEGMENTS

• ALUMINUM SKIN-STRINGER

• 1 PC ALUMINUM CONE

• OXlD TANK AFT CLOSURE
(BOLT-ON)

• PROVIDED BY BODY STRUCT SKIN

• DISCRETE PYROTECHNIC LATCHES

• ALUMINUM SKIN-STRINGER ADAPTER
• ELECT. LINEAR BALL- SCREWS FOR

DEPLOY, DOCK, LATCH, UMBIL
MECHANISMS

• LOW COST; LOW WT; LOW HEAT INPUT
e EXISTING; STRONG;TOUGH; GOOD WELD
• LOW HEIGHT;MIN DEVEL (LOW COST,

RISK}

• EASE OF MAINT/REFURB

• CONVENTIONAL (LOW COST, RISK);
MED WT

o LOW COST; LOW WT
• BI-FUNCTIONAL

• EXCESS t FOR 6-DAY, SYNC MISSION

• FLIGHT-QUALIFIED; DEPLOY ONLY

• CONVENTIONAL; MED WT
• EXISTING HARDWARE

Figure 2-58. Structural Characteristics of Program 1 Tug
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The body structure is partitioned into three segments (astrionics, forward module,
and aft module) for ease of both initial fabrication/_ubsystems attachment and subse-
quent maintenanceandrefurbishment. Conventional aluminum skin-stringer construc-
tion was selected in preference to metallic isogrid or various composite systems for
low cost andminimum development.

The integral tank-mounted thrust structure concept is preferred over either the non-
integral tank-mountedor body-mountedoptions since it provides stiff, low weight, in-
line load path into the oxidizer tank aft bulkhead, and also functions as a sump and
tank access closure. Its one-piece construction assures low cost and minimum risk.

The 0. 020-inch body structure skin exceedsthe minimum meteoroid bumper thickness
required for a six-day on-orbit synchronousmission during the interval of greatest
seasonal meteoroid activity.

Discrete one-shot pyrotechnic latches are provided for payload separation since there
is no requirement for payload reattachment. Use of flight qualified hardware assures
low cost and risk.

Aluminum skin-stringer construction is selected for the support/deployment adapter
for compatibility with the body structure. All mechanisms in the Orbiter interface
subsystemare actuated by multiple electrically powered linear ballscrews based on
existing hardware designs.

Thermal Control -- The insulation and thermal control systems are shown in Figure

2-59. The cryogenic insulation system consists of a tank leakage containment mem-

brane (LCM) located next to the tank surface, a Dimplar multilayer insulation (ML1)

blanket, and a purge bag distribution system. The Dimplar system was selected in

that it provides adequate thermal performance for the two-day mission with minimum

development cost. The combination of LCM and purge bag provides double contain-

ment and channeling of any gases that may leak from the propellant tanks. Thermal

control systems remove excess heat from fuel cells and the astrionics module sidewall

area is utilized to radiate component-generated heat to space. The remaining 25% of

the sidewall area is insulated to prevent excessively low module temperatures. A

space radiator plate of about 50 ft 2 (4.6 m 2) is used to reject fuel cell waste heat to

space. The ACPS heaters require about 250 watts of electrical power.

Astrionics -- A low DDT&E cost astrionics configuration was selected for the Program

i vehicle. The configuration is based on a maximum utilization of existing Centaur

equipment design to achieve level I autonomy and minimum required vehicle perform-

ance. Redundancy is added selectively to meet reliability and safety requirements.

A functional block diagram of the astrionics system is shown in Figure 2-60. The

system characteristics are summarized in Table 2-70. Centaur equipment that must

be modified to meet new requirements is marked as revised.
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Table 2-70. Astrionics System Characteristics

DEVELOPMENT
SUBSYSTEM REDUNDANCY STATUS CHARACTERI STICS

DATA MANAGEMENT TRIPLE CENTAUR (MOD.) ZlSKMEMORY, NO DATA BUS

SINGLE IN DEVELOPMENT TAPE RECORDERS

GUIDANCE& NAV. DUAL IN PRODUCTION DIGS STRAPDOWN IMU

FLIGHT CONTROL SINGLE CENTAUR (MOD.) SCU

DUAL CENTAUR(MOD.) SIU

GUIDANCE UPDATE SINGLE IN DEVELOPMENT LEVEL I AUTONOMY.
STAR SENSOR& HORIZON
SENSOR

COMMUNICATIONS DUAL ERTS(MOD.)

FLTSATCOM (MOD.)

USB (NASAL NO RF COMM-
UNICATIONS WITH PAYLOAD
SGLS (DOD), SECURE, NORF
COMMUNICATIONS WITH
PAYLOAD

INSTRUMENTATION TRIPI_EFOR SAFETY CENTAUR (MOD.) REMOTEMULTIPLEXING
CRITICAL

ELECTRICAL POWER SINGLE SHUTTLE(MOD.) FUELCELL, EMERGENCY
BATTERY, BOOST PUMP
BATTERY

POWER DISTRIBUTION DUAL FOR SAFETY I CENTAUR(MOD.) BOOST PUMP INVERTERS
I

& CONTROL I

The data management subsystem consists of triple-redundant, modified Centaur com-

puter units and a new tape recorder in development for the High Energy Astronomical

Observatory program. The tape recorder stores formatted telemetry data to be com-

municated to the ground and can be used to store data required at preplanned times

during the mission. Guidance and navigation is achieved with dual strapdown inertial

measurement units (SDIMU) that provide navigation and attitude reference data. Hori-

zon and star sensor units that have been built and tested are used to update the SDIMU

data for accuracy on long-duration missions. The flight control interfaces with the

central computer are handled by the sequence control unit and the servo inverter units,

which are modified Centaur equipment. The dual redundant rf communications units

provide for Shuttle or ground communications. The main element is a modified ERTS

transponder for NASA missions and two modified FLTSATCOM transponders for DOD

missions. The Centaur instrumentation system is used unmodified except where triple-

redundant, safety-critical instrumentation is needed. The primary source of electrical

power is a modified Shuttle fuel cell resized to meet Tug power requirements. The

fuel cell was selected over batteries since the weight of the batteries resulted in a

marginal payload capability with respect to the 3500 lb (1588 kg) requirement. An

emergency battery provides short-term backup to maintain safety-critical functions

if the primary electrical source is lost. A boost pump battery is a separate power

source for electrical boost pumps that require high power levels that are not closely

regulared for short periods of time. New inverters are added to convert the boost
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pump battery power to ac. The electrical power distribution andcontrol subsystem is
a modification of the existing Centaur subsystem.

Propulsion -- The propulsion system for the Program 1 Tug consists of the main pro-
pulsion system, used for all axial _ V requirements above100ft/sec (30.5 m/sec),
andthe attitude control propulsion system (ACPS), used for attitude maneuvers and
axial A Vs below 100ft/sec (30.5 m/sec).

Main Propulsion -- The main propulsion system is shownin Figure 2-61. The RL-10
Cat I engine was selected since it has the lowest developmentcost. Electric-motor-
driven boost pumps are usedto satisfy the engineprestart and running NPSPrequire-
meats. This selection was madeon the basis of a trade study summarized in Section

2.2.4.1. The LH 2 boost pump is designed to meet both the prestart and run require-

ments with a 2.2 bhp (1.64 kW) minimum power requirement. For the LO 2 boost

pump, the design specific speed was selected for equal power requirements at pre-

start and run conditions, with the 0.77 bhp (0. 575 kW) design point at the run condition.

Power is supplied by a dedicated battery and inverter. The main engine is gimbaled

for pitch and yaw control using one-half of the Centaur hydraulic gimbal system. Feed

lines for both LO 2 and LH 2 are derived directly from Centaur. The lines, made of

321 grade stainless steel (cres), are articulated using four Centaur flex (gimbal) joints

to provide flexibility for engine gimbaling. Feed line insulation is a combination of
foam and MLI similar to Centaur D-1T.

CENTAUR RL10A-3-3 REQUALIFIED FOR TUG

LOWER INLET PRESSURES

TUG FEED SYSTEM COMPATABILITY

MODIFIED COOLDOWN SEQUENCE

ISOLATION VALVE -_ LH2 BOOST PUMP _ LO2 ZERO-G VENT-- VENT LINE

I _ _ L"2EEEOUNE°"'''."o
INTERFACE

PANEL

THRUST (LB) 15,000 ,,.,__ _._.....

ISP (SEC) 444 _'_

57

PC (PSIA) 400

MIXTURE RATIO 5.0 _ _':'" "=

' e. _ /

LH 2 14

WEIGHT (LB) 293
"_-'_], , 70 IN.

sc. oo.,cos..,o,,c.,c,.,,,,,., ..o°,._,,oo,.o...,
SELECTED FOR MINIMUM ODT&E COST [.... 40 IN. _,._

/

Figure 2-61. Main ?ropulsion System for Program 1 Tug
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A self-pressurization system using boost pumps to meet engine requirements, func-
tionally similar to the Centaur system, is used. During normal operation, the pro-
pellant tanks are never pressurized from anexternal source, but are automatically
maintained at the vapor pressure of the propellants, which are saturated during all
phasesof the mission. Tank pressures vary from mission to mission, and during a
given mission, primarily as a function of engine firing duration and time between
firings.

The PLIS uses near-full len_h capacitance probes derived from Centaur. Continuous
probes supplementedby overfill and depletion point sensors are required for propel-
lant loading, since different missions require widely varying degreesof off-loading,
some as low as 15%capacity (55%off-loaded). A closed loop PU control was selected
since with this PLIS, the Tug computer andthe engine having mixture ratio control
capability, all the essential elements were available.

Propellant settling for main engine cooldownand starting is accomplished using the
ACPSsystem. Zero-g venting of bothpropellants is accomplishedusing a bulk heater
exchanger device incorporating tank bulk mixer. This selection was made on the basis
of lowest weight, development cost, and risk.

ACPS -- A hydrazine (N2H4)ACPS system is used on the Program 1 Tug. The selected
engine is a modified MR-3A Transtage engine. This engine configuration was selected
on the basis of minimum developmentcost and maximum usageof developedhardware.
The modifications involve the valve, nozzle expansionratio, catalyst bed, andengine
thermal standoff. It is anticipated that the modified engine will be capable of a mini-
mum of 10 to 12missions before requiring replacement of the catalyst. The cost of
engine refurbishment is estimated to be approximately 15 to 20%of the cost of a new
engine.

Four ACPSengine modules, each containing four 25 lbf (112N)thrusters, are used to
provide a fail operational/fail safe capability. The thrusters are canted at 25 deg
(0.435 rad) to reduce impingement on the intertank skirt.

ACPSsupport includes pressurant storage, control, and supply; propellant storage;
andpropellant feed, fill, and drain. The primary design criterion influencing system
weight, complexity, and cost is the requirement for fail operation/fail safe design.

The N2H4 tankage selected for Program 1 consists of four spherical tanks each with a
storage capacity of 200lb (90.7 kg). A hemispherical diaphragm, fabricated of EPT-
10, is utilized for gas-free, positive explusion of the N2H4. The selected tankageis
currently utilized in the USAF P95satellite program and the Viking 75 program for
N2H4 storage.
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The quantity gaging method proposedfor Tug ACPSis a PVT system similar to that
used on Apollo and represents a minimum cost and weight system.

A system schematic for this ACPSsystem is presented in Section 2.2.4.2.

Interfaces -- The Tug is supported in the Shuttle at four point. Three points are

located on the support adapter; one on each side reacts Z and X loads, and one on the

lower centerline reacts Y loads. The remaining support is located on the forward left

side of the Tug and reacts Z loads only. Overcenter type latches and a docking mechan-

ism comprise the mechanical interface between the Tug and support adapter. Three

probe/drogue units provide guidance and alignment for Tug to support adapter docking.

The body structure sidewall incorporates attachment sockets for the Orbiter remote

manipulator used for Tug maneuvering during separation and docking. Dual linear

actuators control deployment/stowage positioners of the Tug in the Orbiter cargo bay.

The payload is separated from the Tug by actuation of pyro pin puller type latches.

Fluids, gases, and electrical services are supplied to the Tug/payload from the launch

umbilical panels on each side of the Shuttle. Lines and harnesses route through the

Shuttle to service panels located on the payload bay aft bulkhead then to umbilical panels

located at the Tug/support adapter separation plane.

An electrical umbilical panel is located at the separation plane between the Tug and

payload. This panel makes connections with the payload for payload condition signal

and control. The Tug monitoring and control system (TMACS) is located at the Orbiter

mission specialist station and also makes electrical interface connections at the service

panel.

A more detailed description of the Tug/Orbiter interface is presented in Section 2.5.3.

Kick Stage -- The kick stage configuration used with the Program 1 Tug for certin

planetary missions is shown in Figure 2-62 along with the major stage characteristics.

Gross weight of the kick stage is 2560 lb (1161 kg) and a Thiokol TE-M-364-11 motor is

used. A payload adapter and separation system is mounted between payload and Tug.

Despin rockets and the necessary batteries and sequencing equipment for ignition, de-

spin, and separation are mounted on the motor or the small adapter between the motor

case and payload. No guidance is provided; preburn aiming and spin-up are accom-

plished by the Tug.

2.4.1.3 Mass Properties. Weights for the Program 1 baseline Tug are presented

in Table 2-71. The weights are for a geosynchronous equatorial payload delivery

mission. Maximum payload capability for this mission is 5352 lb (2427.7 kg). Total

installed weight of the Tug in the Shuttle, including all Tug/Shuttle interface accomod-

ations, is 65,000 lb (29,484 kg).
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MASS FRACTION 0.9 SEQUENCER

SIZE TELEMETRY
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PROPULSION SLOW-BURNING
SOLID

SPIN STABILIZED

BATTERY

EVENT TIMER

NONE

NONE

DESPIN ROCKETS

Figure 2-62. Kick Stage Configuration for Program 1 Tug

Vehicle cg and moment of inertia data for selected flight conditions specified by NASA

are presented in Table 2-72. Longitudinal centers of gravity are plotted versus Tug-

chargeable gross weights in Figure 2-63. Since propellant is dumped during powered

flight for an abort, there appears to be no problem staying within the Shuttle Xcg en-

velope o

2° 4o 1.4 Reliability. In accordance with the results of a redundancy/cost optimiza-

tion analysis, discussed in Section 2.3.1, redundancy was designed into the Program 1

Tug to allow attainment of a mission reliability of 0.97 for a baseline mission of 47

hours. The redundancy levels for each of the major subsystems and the resulting

reliability are summarized in Table 2-73. As indicated in this table, all subsystems

are essentially dual redundant. The exceptions are the data management subsystem,

which is triply redundant, and the APS subsystem, which is fail-operational/fail-

operational in several modes. The resulting reliability for the Program 1 Tug is

0.976 (without kick stage). For kick stage missions, the Tug operates for only 24

hours. The Tug reliability for this short mission is approximately 0.99. When the

reliability of the kick stage is coupled with the Tug reliability, the overall kick stage

mission reliability is approximately 0.97.
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Table 2-71. Program 1 Baseline Tug WeightSummary (Synch. Eq. Max.
PayloadDeployment Mission)

Structures (2339) (1060.9)

Body Structure 1204 546.1

Fuel Tank & Supports 527 239.0

Oxidizer Tank & Supports 328 153.3

Thrust Structure 24 10.9

Equipment Mounting Structures 90 40.8

Meteoroid Structure .....

Interface for P/L & Shuttle 123 55.8

U mbilicals 33 15.0

Propulsion (1332) (604.2)

Main Engine (ME) Assembly 293 132.9

ME Actuation & Support 82 37.2

ACPS & Support 370 167.8

Pressurization .....

Fill, Vent & Drain (incl. Feed) 509 230.9

Purge System 20 9.1

Propellant Management 58 26.3

Thermal Control (427) (193.7)

Fuel Tank Insulation 103 46.7

Oxidizer Tank Insulation 46 20.9

Purge System 196 88.9

Radiators, (Incl. Fluid Loop,

Heaters, Coatings) 82 37.2

Avionics (1198) (543.4)

Rendezvous & Docking .....

Data Management 189 85.7

Flight Controls 178 80.7

Guidance & Navigation 64 29.0

Guidance Update 51 23.1

Power 274 124.3

Power Conversion & Distribution 300 136.1

Instrumentation 100 45.4

Communication 42 19.1

_TAGE DRY WEIGHT 5296 2402.2

C ontingency 530 240.4

TOTAL DRY WEIGHT 5826 2642.6

NON-USABLE FLUIDS (753) (341.6)

Trapped Propellants - Main 91 41.3

Trapped Propellants - ACPS 19 8.6

Trapped Gases 298 135.2

Trapped Helium 4 1.8

Propellant Leakage .....

Propellant Reserves - Main 261 118.4

Propellant Reserves - ACPS 73 33.1

Propellant Utilization .....

Trapped Water 7 3.2

BURNOUT WEIGHT 6579 2984.2

NON-IMPULSIVE EXPENDABLES

ME Chilldown

ME Leakage

ME Shutdown

Pressurants - Main

Pressurants - ACPS

Fuel Cell Reactants

Fuel Line Chilldown

Gas Generator

Thermal Control Fluids

Boiloff Vented

P ROPE LLANTS

*Main Engine

Main Propellant - Fuel

Main Propellant - Oxidizer

Attitude Control Propelhmts

*FIRST IGNITION WEIGHT

SHUTTLE INTERFACE ACCOMMODATIONS

Adapter Structure

Supports

Attachment Fittings

Deployment Mechanism

Propellant Lines, Umbilicals, Tankage

Fill, Drain9 Dump

Dump Pressurization System

Avionics Interface

Shuttle/Payload In Bay

Mission Specialist Station

Bay Purge (In Dump Pressurization)

Gases

Bottle s

Payload Auxiliary Support

STAGE PAYLOAD (MAX. CAPABILITY)

Payload

Payload Adapter (Part of Payload)

AUXILIARY STAGE

TOTAL WEIGHT IN SHUTTLE

lb kg
(477) (216.4)

144 65.3

114 51.7

---- ___

73 33.1

16 7.3

---- ___

130 59.0

(50442) (22_80.5)

(49715) _22550.7)

8286 3758.5

41429 18792.2

727 329.8

57498 26081.1

2150) 975.2)

567 257.2

104 47.2

206 93.4

178 80.7

625 283.5

160 72.6

310 140.6

5352) 2427.7)

5352 2427.7

--) ---)

65000 29484.0

*Mass Fraction
Main Engine Propellants

First Ignition Weight
= 0.865
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Table 2-72. Program 1 Baseline Tug Centers of Gravity

and Moments of Inertia

Z 0

CONDITION

Xo 582.0 iN. Xo 1302.0 IN.

1478.3CM 33o7.1cM
ADAPTER1 /'R

400.0IN._...,_r--"T_'T_r ;_
lO15.oCM_ - ---t':::_----'.:-,, _

I

x o 890.86 IN.
2262.8 CM

Xo 590.86 IN. Xo 1300.0 IN.
1500.8 CM 3302.0 CM

WITHOUT PAYLOAD:

VEHICLE FULL OF PROPELLANT

INSIDE SHUTTLE PAYLOAD BAY

VEHICLE FULL OF PROPELLANT

SEPARATED FROM SHUTTLE

VEHICLE EMPTY OF PROPELLANTS

INSIDE SHUTTLE
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Figure 2-63. Program 1 Baseline Tug Longitudinal

Centers of Gravity
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Table 2-73., Program 1 RedundancySummary

SUBSYSTEM/COMPONENT REDUNDANCY AWEI GHTILB
DATA MANAGEMENT

COMPUTER

GUIDANCE & NAVIGATION
INERTIAL MEASUREMENTUNIT (STRAPDOWN)

FLIGHTCONTROL
SERVO-INVERTER

GUIDANCEUPDATE
HORIZON SENSOR

COMMUNICATI ONS
COMMAND DECODER
ANTENNAS
RECEIVER/TRANSMII-rER

MAIN ENGINE SUPPORT
VENTVALVES
FILL & DRAIN VALVES

ATTITUDECONTROLPROPULSION SYSTEM
ENGINEMODULES
ACPS SUPPORT

TRIPLE

DUAL

DUAL

TWO OUTOF FOUR

DUAL
DUAL
DUAL

DUAL
DUAL

THREEOUTOFFOUR
DUAUQUAD

116

32

5O

14

19
70

PREDICTEDRELIABILITY (47 HR. BASELINE MISSION ) : 0.9759 3ol

*INCLUDED IN SAFETY WEIGHTS

2.4.1.5 Performance. Figure 2-64 shows the Program 1 Tug payload weight capa-

bility, for each applicable mission mode. The curves are all based on a due-east

Shuttle launch, except for the deployment curve labeled polar. The Shuttle is assumed

to have a payload weight capability of 65,000 lb (29,492 kg) due east and 36,000 lb

(16,334 kg) polar, to the nominal 160 n.mi. (296 km) Tug staging orbit. The curves

are based on a six-burn flight profile such as the synchronous equatorial deployment

or sortie mission, except for the expendable Tug curve, which is based on three

burns. The performance exceeds the 3500 lb (1588 kg) synchronous deployment re-

quirement.

For illustration, planetary missions that require a velocity package and an expended

Tug, respectively, appear on the graphs. All of the missions in the mission model

can be done by this Tug, in one of the flight modes shown on the chart.

The synchronous equatorial mission performance is summarized in Table 2-74. The

sensitivity of payload capability to burnout weight and specific impulse variations is

also 3hown. These derivatives are based on a fixed-size Tug.

2.4.1.6 Mission Accomplishment. Mission accomplishment was analyzed for the

Government supplied mission model. Tug flights for deployment, retrieval, and

round trip missions are identified for each year for the total model in Table 2-75.
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Figure 2-64. Program 1 Tug Performance, Payload Capability

Versus Delta Velocity

Table 2-74. Program 1 Tug Synchronous Equatorial

Mission Performance Summary

DEPLOY ROUNO TRIP EXPEND

5352 (2428) 1920 (871) 16540 (7503)

-2,7 -1.0

92 37

PAYLOAD, LB (KG)

0 (PAYLOAD)

a(BURNOUT INT)

8 (PAYLOAD)

a(Isp)
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Table 2-75. Mission Model Flight Summary for Program 1

TUG FLIGHT MODE

DEPLOYMENT

1 PAYLOAD WITH TUG RETURN

2 PAYLOADS WITH TUG RETURN

3 PAYLOADS WITH TUG RETURN

TUG RETURN + VEL. PACKAGE"

EXPENDED TUG

TOTAL

RETRIEVAL

(0 PAYLOAD UP - 1 PAYLOAD DN)

ROUND TRIP

1 PAYLOAD UP/1 PAYLOAD DN

2 PAYLOADS UP/1 PAYLOAD DN

TOTAL

TOTAL TUG/SHUTTLE FLIGHTS

NUMBER OF TUG FLIGHTS DURING YEAR

"2,560-LB (1161 KG) VELOCITY PACKAGE (EXPENDED)

Tug flights are subdivided into deployment flight modes, deployment of 1, 2, or 3

payloads during a single flight of a reusable Tug, deployment of a single (planetary)

payload with an expended velocity package and a reusable Tug flight, and deployment

of a single, planetary payload by an expended Tug. Only a single retrieval flight mode

is possible, no payloads up/one down -- it is not used-with Program 1. The only type

of round trip mission used with Program 1 is a sortie type, where a single payload

is carried to orbit by the Tug, remains attached to the Tug during its on-orbit opera-

tional period, and returns with the Tug to the Shuttle Orbiter.

Over the total mission model, 216 Tug flights are used to deploy payloads; 111 of these

are single payload flights by a reusable Tug, on 58 Tug flights two payloads are de-

ployed, and there are 30 flights where three payloads are deployed on a single reusable

Tug flight. Seven flights are accomplished with velocity packages, and 10 expended

Tug flights are required. There are no retrieval missions and four sortie missions

are accomplished.

The entire mission model (338 deployment payloads, 4 sortie payloads) is accomplished

using 220 Tug and Shuttle flights. Since no Tug-to-Tug or velocity package-to-Tug on-

orbit assemblies are required, the number of Tug and Shuttle flights is identical. The

flight summary reflects the Shuttle availability for Tag flights of three in 1980 and a

maximum of 21 during 1981.
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Tables 2-76 and 2-77 showthe mission accomplishment capability of the Program 1
Tug for NASAand DODpayloads, respectively. The figures show Tug traffic by mis-
sion destination (synchronousequatorial, other ETR launch orbits, andplanetary) and
launch site (ETR and WTR) and payload traffic by launch site and deployment/retrieval.
Traffic by the year and for the total model is shown.

2.4.1.7 Operations. Operations, both ground and flight, were a special emphasis

and are summarized in Section 2.5.2 and discussed in detail in Volume 6 of Reference

6. This section presents the major operational characteristics that vary between

programs.

Flight Operations -- Flight operations is a significant area since it has been a major

operational cost driver in current space programs. To achieve the goal of low opera-

tions cost for the Space r['ransportation System the Tug flight operations costs must

be reduced.

Flight operations is concerned with those activities and procedures involved in accom-

plishing the actual Tug flight. With respect to cost it includes the flight monitor and

control accomplished from the ground or the Orbiter, necessary preflight mission

planning and post-flight evaluation, and all required software both ground and airborne.

An autonomy level trade, which is summarized in Table 2-78, indicated that the

selected level I autonomy was the lowest cost approach both from a development and

operations cost standpoint.

The flight operations cost for Program 1 are summarized in Table 2-79. The DDT&E

cost for flight support software is the development cost for the ground and airborne

(Tug and Orbiter) software for the synchronous equatorial mission. The Tug software

consists of nine modules and a total of 43,900 words. The software costs in operations

consists of the changes required for nonsynchronous missions (6200 words per mission)

and the changes required for each flight (450 words). These costs are separated by the

user agency with NASA having 15 nonsynchronous missions and a total of 116 flights

and DOD having seven nonsynchronous missions and a total of 104 flights. The DOD

operations costs are lower since DOD has a higher number of flights per mission.

Ground Operations -- Ground operations encompasses those Tug vehicle related tasks

accomplished after Orbiter landing to make the Tug ready for liftoff again. Ground

operations analyses of she Program 1 Tug indicated a turnaround cycle of 265.5 working

hours for a NASA Tug and 276.5 hours for a DOD Tug with secure communications.

As hunch rates increase, particularly at KSC, two, and sometimes three Tugs at a

time will be undergoing different phases of the ground turnaround cycle concurrently.

To accommodate these concurrent operations, the basic ground turnaround crew of

107 will be augmented with additional direct support, engineering, and administrative

personnel resulting in the crew sizes shown in Table 2-80. Launch rates at WTR

never increase to the point where crew augmentation is required.
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Table 2-76. Program 1 NASA Mission Accomplishment

ITEM

YEAR

80 81 82 83 84 85 86 87 88 89 90 TOTAL

SYNC. Eft. TUG SHUTTLE/FLIGHTS

ETR OTHER ORBIT FLIGHTS

PLANETARY TUG SHUTTLE/FLIGHTS

ETR TUG/SHUTTLE FLIGHTS

WTR TUG/SHUTTLE FLIGHTS

TOTAL TUG/SHUTTLE FLIGHTS

VELOCITY PKG. EXPENDED I ETR

TUGS EXPENDED _ ONLY

ETR PIL DEPLOYED

WTR P/L DEPLOYED

TOTAL P/L DEPLOYED

ETR P/L RETRIEVED

WTR P/L RETRIEVED

TOTAL P/L RETRIEVED

ETR PIL DEPLOYED AND RETRIEVED

Wl'R P/L DEPLOYED AND RETRIEVED

TOTAL PIL DEPLOYED AND RETRIEVED

3 6 5 9 4 7 4 7 6 7 5 63

O 2 1 1 2 1 2 2 1 1 3 16

0 0 2 0 6 0 4 3 0 5 1 21

3 8 8 10 12 8 10 12 7 13 9 100

- - - 3 1 3 1 2 1 4 1 16

3 8 8 13 13 11 11 14 8 17 10 116

O 0 2 0 2 0 1 2 0 0 O 7

0 0 0 0 2 0 3 1 0 3 1 10

3 16 12 15 15 14 14 20 14 16 13 152

- - - 8 2 8 2 4 2 10 2 38

3 16 12 23 17 22 16 24 16 26 15 190

3 16 12 15 15 14 14 20 14 16 13 152

- - - 8 2 8 2 4 2 10 2 38

3 16 12 23 17 22 16 24 16 26 15 190

Table 2-77. Program 1 DOD Mission Accomplishment

YEAR

ITEM 80 81 82 83 84 85 86 87 88 89 90 TOTAL

SYNC. EQ. TUG SHUTTLE/FLIGHTS 0 3 3 4 6 4 3 6 4 4 6

ETR OTHER ORBIT FLIGHTS 0 3 6 6 4 4 5 4 6 3 4

PLANETARY TUG SHUTTLE/FLIGHTS ...........

ETR TUG/SHUTTLE FLIGHTS 0 6 9 10 |0 8 8 10 10 7 10

WTR TUG/SHUTTLE FLIGHTS - - - 4 I 2 2 2 1 3 1

TOTAL TUG/SHUTTLE FLIGHTS 0 6 9 14 11 10 10 12 11 10 11

VELOCITY PKG. EXPENDED I ETR ...........

TUGS EXPENDED t ONLY ...........

ETR P/L DEPLOYED 0 7 12 14 14 9 11 13 13 8 13

WTR P/L DEPLOYED - - - 8 3 3 5 4 2 6 3

TOTAL P/L DEPLOYED 0 7 12 22 17 12 16 17 15 14 16

ETR P/L RETRIEVED ...........

WTR P/L RETRIEVED (SORTIE) - - - 1 - 1 - 1 - 1 -

TOTAL P/L RETRIEVED - - - 1 - 1 - 1 - 1 -

ETR P/L DEPLOYED AND RETRIEVED 0 7 12 14 14 9 11 13 13 8 13

WTR P/L DEPLOYED AND RETRIEVED - - - 9 3 4 5 5 2 7 3

TOTAL P/L DEPLOYED AND RETRIEVED 0 7 12 23 17 13 16 18 15 15 16

43

45

88

16

104

114

34

148

4

4

114

38

152
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Table 2-78. Program 1 Cost of Autonomy

AUTONOMY LEVEL

CHANGES

AWEIGHT &COST ($M)

LB(KG) DDT&E PRODUCTION OPERATIONS TOTAL

LEVEL I TO LEVEL II

LEVEL I TO LEVEL III

LEVEL I TO LEVEL IV

+23 (10.4) +1.6 +0.4 0.0 +2.0

-3 (1.4) +2.1 -1.5 +5.0* +5.6*

-3 (1.4) +3.4 -1.5 +9.9* +11.8*

*NETWORK COSTSARE IN ADDITION TO THESE COSTS.

Table 2-79. Program 1 Flight Operations Cost

NASA

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

TOTAL

DOD

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

TOTAL

DDT&E

COST ($M)

18.5

18.5

EQUIVALENT

MAN-YR.

463

463

OPERATIONS

COST ($M)

4.8

17.7

0.9

20.9

44.3

4.4

12.4

0.8

13.0

30.6

EQUIVALENT

MAN-YR.

120

441

23

523

1,105

$382,000/FLT

oo°L .,

111 I _._94,000/FLT"
309

21 _0 OR

MEN/YR.
325

?'66

Minimum active fleet size is also a direct function of launch rates. In an ongoing

mature operating system, a single Tug can make a complete launch-flight-ground

turnaround-launch cycle in approximately 24 calendar days, or slightly over 12

launches per year maximum. Thus, the minimum active fleet size for each launch

site is established as shown in Table 2-80. At KSC, there are also a total of 10

expendable missions as shown, which makes a total requirement of 13 Tugs. In

addition, attrition losses at 1% of the total missions must be accounted for. This

adds three additional vehicles, resulting in a total fleet buy of i6 Tugs for this pro-

gram.

Once total fleet buy requirements have been established at 16 Tugs, fleet delivery

requirements, disposition, and utilization can be examined as shown in Table 2-81.

Tugs are delivered to KSC unless noted with WTI_ in the Tug Number column. Need

dates are initially based on site activation and/or test flight requirements for the first

two vehicles at KSC and the first vehicle at WTR. After that, need dates are derived

from a production schedule of two per year.
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Table 2-80. Program 1 Tug Crew Size and Minimum

Active Fleet Size

CENTAUR

FLIGHTS

GROUND

TURN-

AROUND

CREW

MINIMUM

ACTIVE

FLEET

REQMT.

KSC*

WTR

TOTAL

*EXPENDABLE FLIGHTS

KSC

WTR

TOTAL

MINIMUM ACTIVEFLEET

KSC, TURNAROUND

KSC, EXP. VEHICLES

WTR, TURNAROUND

80 81 82 83

3 14 17 20

7

3 14 17 27

107 107 107 113

63

107 107 107 176

1 1 2

SUBTOTAL 1 1 2

.ATTRITION 1 1 1

MINIMUM ACTIVE FLEET 2 2 3

ANNUAL TRAFFIC

84 85 86 87 88 89 90

22 16 18 22 17 20 19

2 5 3 4 2 7 2

24 21 21 26 19 27 21

(2) (3) (1) (3) (1)

113 107 107 113 107 113 113

63 63 63 63 63 63 63

176 170 170 176 170 176 176

2 2 2 2 2 2 2 2

2 3 1 3 1

1 1 1 1 1 1 1 1

3 5 3 6 4 3 6 4

1 1 1 1 1 1 1 1

4 6 4 7 I 5 4 7 5
L L

TOTAL

188

32

220

(10)

2

10

1

Table 2-81. Program 1 Fleet Requirement and Utilization

TUG NO. i

1 (F-l)

2 (F-2)

3

4

5

6 WTR

7 WTR

8

9

10

11

12

13

14

15

16 WTR

VEHICLE SCHEDULING

NEED DELIVERY JDATE DATE DISPOSITION 80 81 82 83 84

SEP. 78 SEP. 78 EXPENDED 1 3 4 3 2"

APR. 79 DEC. 78 EXPENDED 1 3 4 3 2*

JUN. 80 JUN. 80 EXPENDED 1 3 3 3 3

DEC. 80 DEC. 80 EXPENDED 3 3 3 3

JUN. 81 JUN. 81 EXPENDED 2 3 .3 3

JAN. 82 DEC. 81 EXPENDED 4 1 1

JUN. 82 JUN. 82 INVENTORY 3 ] 1
JAN. 83 DEC. 82 EXPENDED 3 3

JUN. 83 JUN, 83 EXPENDED 2 J

d

3
I

JAN, 84 DEC, 83 EXPENDSD 2

JUN. 84 JUN. 84 EXPENDED J 1

JAN. 85 DEC. 84 INVENTORY !
I

JUL. 85 JUN. 85 INVENTORY

JAN. 86 DEC, 85 INVENTORY

JUL. 86 JUN. 86 INVENTORY

JAN. 87 DEC. 86 INVENTORY

CALENDAR YEAR

85 86

2 1"

t'2 1"_

2 1 *!
I

2 2 _ I*KSC

3 1 _32
2 2

T
2 2 3

2 2 3

2 2 ! 3

1 l 2 3

1 2 ', 3
q

2i3
1 1 ,

1

87 88 89

i 3

2 1"

2 1"

;_ ;_*

2 3

2 3

2 3

2 3

3

1 4

9O

TOTAL

FLIGHTS

13

13

16

15

14

10

14

16

15

14

1" 14

4 15

4 15

4 14

6 14

2 8

TOTAL FLIGHTS 3 [ 14 17 27 24

ACTIVE, FLEET 3 [ 5 5(2W) 9 11(2E)

• YEAR EXPENDED

_TRANSFER LAUNCH SITE

S STORAGE

21 _1 26

11 13(3E), 11(1E_

19 27 21

10 10(3E) 7(IE)]

220
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As vehicles are delivered to the launch sites, they are phased into the active fleet to
obtain relatively evenusage on all vehicles as indicated by the total flights per Tug
shownin the last column. ExpendableTugs thus accumulate a number of flights be-
fore being expendedin the years indicated. For the utilization plan shownhere for
Program 1, Tug 6 is delivered to WTR, flies nine missions there and is then trans-
ferred to KSCfor an expendablemission in 1987.

The maintenancefacility proposed for Program 1 is existing HangarJ at KSCto re-
duce developmentcost. HangarJ has sufficient floor area to accommodatea two-bay
Tug maintenance stand. The mezzanine area is adequatefor administration and
engineering offices. First floor area may also beused for adapter and main engine
service areas. Level II shops are assumedto be common with Orbiter and/or exist-
ing base facilities.

2.4.1.8 Program Plans. This section summarizes the test, manufacture, and facility

plans for Program 1 Tug. This section also shows the major activities and key dates

and the integrated schedule for the development, procurement, and operational phases

of the program.

Ground and Flight Test Plans -- The primary objective of the ground test program is

to ensure that Tug goals in Shuttle safety, critical technologies, and performance are

adequately demonstrated so that there will be a high confidence of success in the first

flight. Table 2-82 shows a summary of all major ground tests including test activity,

test site, and test articles; test costs are also shown for each activity for procure-

ment under both NASA and DOD guidelines. These costs are for laboratory, develop-

ment, and qualification testing of all components and all major subsystem/system

test articles. These costs include all test hardware, test personnel, test equipment,

and test fixtures. The same number and type of test articles are used in both NASA

and DOD programs. The only significant difference comes from the DOD requirement

for formally demonstrating Space Tug reuse capabilities. An additional three months

of test time is required for propulsion testing to demonstrate a refurbishment cycle

on the engine system and a refurbishment/reusability demonstration in conjunction

with thermal/vacuum testing.

The objective of the flight test program is to show that the mission reliability goal

of >0.97, Tug attrition goal of >0.99 and multi-mission/economics/reuse goals of

the Tug program are attainable. Flight testing will demonstrate the validity of ground

test environments, loads, and tests as well as imposing the effects of zero-g and other

effects not satisfactorily demonstrated in ground testing. Each flight test mission

will be divided into phases, during which various Space Tug operating modes are tested

as shown in Figure 2-65. The difference in NASA and DOD procurement approaches

to flight test are summarized in Table 2-83. In the NASA approach, it appears to be

cost effective, technically feasible, and relatively low risk to place operational pay-

loads into low performance orbits on the initial Tug flights. The remaining vehicle

performance is utilized for developmental flight testing into progressively higher risk
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Table 2-82. Ground Test Program for Program 1 Tug

TEST ACTIVITY

COMPONENT TESTS

PROPULSION TESTS

STRUCTURAL TESTS

LIFE CYCLE TESTS

DEPLOYMENT ADAPTER

I ASTRIONICS SYSTEMS

THERMAL VACUUM

REUSABILITY EVALUATION

LAUNCH SITE VALIDATION

TEST

SITE

CONVAIR &

VENDOR

LABS

P&W (E6)

MSFC (4550)

, MSFC (4557)

CONVAIR

CONVAIR

JSC

KSC

LeRC (B2)

LeRC (B2)

ETR

WTR

TEST

ARTICLE

PREPROD UCTION

COMPON E NTS

ENGINE & FEED

SYS. HARDWARE

STV

:TV

ORBITER

INTERFACE

HARDWARE

ASTRIONICS

MODULE

IF-2 FLT. ART.

F-2 FLT. ART.

F-1 FLT. ART.

F-X FLT. ART.

TOTAL GROUND TEST COST (SM)

TOTAL COST ($M)

INCLUDING TEST

ARTICLE)

NASA I DOD
13.8 13.8

3.5 4.0

4.4 4.4

5.8 5.8

1.7 1,7

6.4 6.4

1.0 1.0

-- 1.5

2.6 2.6

2.6 i 2.641.8 43.8

REMARKS

SAMPLE SIZE OF 2 REQ.

FOR QUALIFICATION

ENGINE RETURNED TO

INVENTORY

INCL. FUNCT. TESTS OF

INSULATION, PROP.

LOADING, DRAIN &

VENTSYSTEMS

DEMONSTRATES FUNCT.

CAPABILITY

HARDWARE, SOFTWARE
& AGE INTEGRATION

CRYO CONDITIONS REQ. MENTS

, EXT. OF THERMAL-

VACUUM TEST

1

PROPELLANT LEAK CHECKS

INSULATION VENTLNG

SYST E M SIAl US CFIECKS

1 -
II •
I

) _ I J LAUNCH

•,,,,,,,,,, ........................ ,........... ,,,,,,,,,,,..,,,,, .................. , .......... ,,,,,,,"

........................ :_:o?_.::._ ,.,_,o_,:,_o__,..... _

i ANO_NG

Figure 2-65, Typical Flight Development Test for

Program 1 Tug
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Table 2-83. Flight Test Program Comparison

NASA PROCUREMENTAPPROACH DODPROCUREMENTAPPROACH

• NO"DEDICATED" FLIGHT TESTVEHICLE

• R&D INSTRUMENTATIONOF FIRST
FLIGHTVEHICLE

• OPERATIONALM ISSION ACCOMPLI SHED
WITH FIRST FLIGHT

/ CONSERVATIVEFLIGHTENVELOPETO
PAYLOAD DEPLOYMENT

/TUG SYSTEMSIMILAR TO EXISTING
CENTAURSYSTEMS

/ADEQUATE GROUNDTESTSUPPORT
AVAILABLE

• ENGINEERINGDATA "PIGGYBACKED"

/"TESTING" PERFORMEDAFTER
PAYLOAD DEPLOYMENT

/REFINES OPERATING& PERFORMANCE
PREDICTIONS IN"HIGHER RISK"
REGIMES

• ADDITIONAL FLIGHTS WITH R&D
INSTRUMENTATION

/FURTHER DATA OBTAINEDUSING
SAME VEHICLEON AT LEAST6
ADDITIONAL FLIGHTS

/OBTAINS DATAWITH DIFFERING
PAYLOADS & MISSION REQUIREMENTS_]

•TWO PROTOTYPE FLIGHT TEST VEHICLES REQUIRED

/ DDT&E VEHICLEWITH R&D INSTRUMENTATION
(F-2)

/OT&E VEH ICLE W ITHOUT R&D INSTRUMENTATI ON
(F-l)

• FLIGHTTEST 1(DDT&EFLIGHTUSING iF-I)

/ DEMONSTRATES DEPLOYMENT MODE CAPAB ILlTY

/ POSTFLIGHT REFURB. CYCLE DEMONSTRATED
AFTERFLIGHT

*FLIGHT TEST2 (IOT&EFLIGHTUSING F-]i

/ INITIALOPERATIONAL TEST& EVALUATION

/DIRECTED BY OPERATING AGENCY

•FLIGHTTEST3 (DT&EFLIGHTUSING F-2)

/ DEMONSTRATES REUSABILITY

DSARC III (CONSTRAINEDBYFLIGHTS
1 THROUGH3)

<3>
• OT&EPROGRAM(OT&EFLIGHTS USING F-] & F-2)

/CONTINUED OPERATLONALTEST& EVALUATION

/APPROX. (/-MONTH PROGRAM(16 FLIGHTS)

operating regimes. This approach reduces overall DDT&E costs and permits early

operational usage. Under the DOD fly-before-buy concept, performance and reus-

ability must be demonstrated prior to a production decision (DSARC III milestone);

Initial Operational Test and Evaluation (IOT&E) should also be performed by the

planned user agency prior to DSARC 111. Two prototype flight test vehicles are re-

quired to satisfy these requirements -- one with R&D instrumentation to support

IOT&E. Following the additional OT&E nights, the two flight test articles would

be refurbished/updated and released into the operational fleet inventory.

Manufacturing Plan -- The manufacturing plan provides for the orderly development

of tooling, fabrication of detail hardware, subassembly, test, and checkout of the

test and flight hardware. The necessity for a iow-cost development program estab-

lished the basic parameters around which the Tug manufacturing plan was created:

1) existing industry capability be utilized as much as possible for the fabrication of

components, thereby minimizing in-house facility and tooling requirements, 2) all

welding and assembly of critical components and structures be performed in-house

to provide for maximum process control and quality assurance.

The manufacturing plan includes general manufacturing indentures required to achieve

the progressive build-up from the component level. The assembly sequence brings

together subassemblies that result in major modules. The factors considered in
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developing this plan are producibility, use of existing techniques, ease of accessi-

bility, handling methods, installation of components and subsystems at earliest levels

of assembly, and minimizing special tooling requirements. A major program element

is procurement of raw materials for both vehicle components and tooling. Early

authorization for ordering certain long-lead raw materials may be mandatory. Based

on proven tooling and manufacturing schedules, the structural test article would be

available in 25 months, the dynamic test article in 27 months, and the first flight

vehicle in 35 months from program go-ahead.

Test and Manufacturing Facilities -- In concert with the low development cost approach

of Program 1, emphasis was on existing operating facilities for manufacturing and

testing. No size, weight, or material limitations exist that preclude the use of exist-

ing private or government-owned industrial facilities. For test facilities, the only

question is the most cost effective use of them; important factors are the operating

costs of competing facilities versus the cost of reactivating facilities that have been

"mothballed."

Program Schedule -- Figure 2-66 shows the summary program schedule for Program

1. It shows go-ahead in September 1975, a 4-1/4 year development phase, and initial

operational capability (IOC) at first flight in December 1979. There are two major

ground test vehicles for the DDT&E phase, i.e., the structural test vehicle (STV) for

structural loads testing and the dynamic test vehicle (DTV) for life-cycle evaluations

including cryogenic tanking tests. These vehicles will be ready to start testing by late

1977 and testing will be complete by late 1978/early 1979. Flight vehicles 1 and 2

(F-1 and F-2), the first production vehicles, are assembled in parallel with the struc-

tural testing program; however, these tests are complete prior to initiation of preflight

testing. Any updates as a result of these tests would have to be accomplished on each

of the vehicles prior to their initial flights.

The initial production vehicle (F-l) is delivered to the flight site some 15 months prior

to first flight. During this period it will verify vehicle/facility functional compatibility,

procedures, and operations required for the initial flight. It also serves as continued

training for vehicle post-flight sating, refurbishment, and servicing operations. This

Tug would then be updated as required and be ready to support flights subsequent to

IOC. The second production vehicle is scheduled for the initial flight (IOC), butwill

undergo environmental testing in a thermal vacuum chamber prior to the delivery to

the flight site. The initial post-flight turnaround activities are scheduled for three

months to ensure adequate contingency time as may be needed for these activities.

The combined turnaround and preflight activity will reduce to a nominal period of 3.2

weeks after approximately 12 flights.

The third production vehicle would be delivered six months after IOC with the remain-

ing Tugs produced on six-month centers, which will adequately support the Tug flight

model including expended and attrition vehicle requirements. A total of 16 Tugs is

required in the operational vehicle inventory to satisfy the Tug flight mission model.
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The first two of thesevehicles support pre-IOC checkout and flight site integration as
discussedabove.

The principal pacing activity in the schedule is software developmentandvehicle in-
tegration. A prototype flight software program would have to be used for factory
checkout andvehicle/site integration. Final flight software would be checkedout with
these early Tugs at the flight site prior to their preflight activities.

The DODapproach to Tug program procurement (reference AFSCP800-3 and DOD
Dir. 5000.3) differs from that shownin Figure 2-66 in the following areas. Vehicle
integration ground testing is expandedto include extendedmission simulations and to
attain initial hardware and system reuse data under operational environments. Two
Tugs are initially designatedas development flight articles and will perform a mini-
mum of three test flights to evaluateperformance and demonstrate refurbishment,
reusability, and initial OT&E testing. These flight tests complete the Full-Scale
Development Phase andare followed by a DSARCReview that will constrain a "Pro-
duction Release" decision (fly-before-buy concept). Material and other long-lead
procurements are started during the DT&E phase. OT&E flight operations are con-
tinued beyondthe full-scale developmentphasefor user agencyfamiliarization andto
satisfy the requirements of the mission model. The IOC milestone, as shownin the
NASA schedule, is replaced by two other milestones: "Full-Scale DevelopmentCom-
Plete" and "First Production Flight."

_JRBIr_R ,N_ RFACE

_H_AMA_ CO_TH',t

eROPUL SION

AS_RDONICS

V_MICLE A_Y,CHECKOUl
GROUND TEST A_TICLES

FLIGH_ TEST ARTICLES

DELbVERIES

MAJOR GF_OUND TESTS

Figure 2-66. Program 1 Schedule
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2.4.1.9 Program Cost. Cost data was developed according to the NASA provided

Space Tug Systems Studies Work Breakdown Structure and Dictionary. Cost estimates

were predicated on the following ground rules and assumptions:

a. Costs presented are for budgetary and planning purposes only. Costs presented

represent the estimated total program cost to the government at program com-

pletion. As such they include estimated allowances for cost growth over the pro-

gram life cycle, which are normally not included in bid-type estimates. Also,

some estimates were developed by the government as noted below. Therefore

they do not represent an offer, bid, or commitment on the part of General

Dynamics Corporation or the associated Tug study companies.

b. Costs are expressed in 1973 dollars, without prime contractor fee/profit.

c. Costs represent the total cost to the government (less prime contractor fee). Cost

estimates are predicated on making maximum use of a number of existing govern-

ment and contractor facilities and equipment.

d. Program management and integration cost estimates are based on Centaur histori-

cal cost data and, therefore, are representative of existing management and NASA/

customer relationships.

e. Cost estimates for the following items were provided by NASA:

1. Main engine development and unit production.

2. Auxiliary stage solid rocket motor recurring unit cost per launch.

The overall total Tug Program cost summary is shown in Table 2-84. DDT&E cost

is of particular importance, and the Tug vehicle represents the major DDT&E cost

area. Therefore Tug vehicle DDT&E cost details are summarized in Table 2-85.

The Tug vehicle portion is slightly over $100M. This low cost is obtained through

extensive use of existing components and techniques particularly those from the

Centaur program. The table illustrates the major subsystem areas where existing

components are used. The structure is the only subsystem category that does not

use at least some existing components. The theoretical first unit (TFU) cost of this

vehicle is $11.4M, not including the Orbiter interface equipment required for each

Shuttle/Tug flight. The operational average cost-per-flight for the reusable, expend-

able, and velocity package modes is shown in Table 2-86. The "expended hardware"

item in the table consists of the expendable stage or velocity package costs as appropri-
ate for the mode.

Program funding requirements are shown in Figure 2-67. Peak year funding for the

Program 1 Tug occurs in 1977, with 1978 nearly as high. This is due to the relatively

compressed development time, which requires heavy development activity. Vehicle

production requirements to meet early heavy launch schedules (e.g., 14 in 1981) keep

funding requirements above $45M through 1982.
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Table 2-84. Program 1 Tug Cnst Summary

NASA PROGRAM COSTS_ ODD PROGRAM COSTS'::

WORK BREAKDOWN STRUCTURE DDT&E INVESTMENT OPERATIONS LiFE CYCLE DDT&E INVESTMENT OPERATIONS LIFE CYCLE

01 PROJECTMANAGEMENT

02 SYSTEMSENGINEERING & INTEGRATION

03 VEHICLE

TUG

ORBITER INTERFACE

04 AUXI LIARY STAGE

08 LOGISTICS

06 FACILITIES

07 GROUND SUPPORTEQUIPMENT

08 VEHICLE TEST

09 LAUNCH OPERATIONS - WTR

10 LAUNCH 0PERATIONS-ETR

11 FLIGHT OPERATIONS - NASA

12 FLIGHT OPERATIONS - D0D

13 REFURBISHMENT & INTEGRATION WTR

14 REFURBISHMENT&INTEGRATION-ETR

TOTAL

5.7 4.0 0.3 10.0

11.6 25.2 2.2 39.0

101.2 164.6 13.5 279.3

7.6 6.4 2.4 16.4

1.7 - 1.9 3.6

4.6 2.3 10.0 16.9

O.B 4.6 3.9 9.1

24.9 9.7 3.5 38.1

16.7 - - 16.7

- 15.8 15.8

- 34.4 34.4

18.6 - 44.3 ti2.9

- 30.6 30.6

- - 4.3 4.3

20.2 20.2

193.2 216.8 187.3 597.3

7.4 3.4 0.3 11.1

15.2 21.5 2.2 38.9

135.2 139.8

7.6 6.4

1.7

4.6 2.2

0.6 4.5

24.9 9.7

28.2

18.6

13.5 288.5

2.4 16.4

1.9 3.6

10.0 16.8

3.9 9.1

3.5 38.1

28.2

15.8 15.8

34.4 34.4

44.3 44.3

30.5 49.2

4.3 4.3

20.2 20.2

244.0 187.5 187.3 618.9

t.MILLIONSOF1973DOLLARS.

Table 2-85. Program 1 Tug Vehicle Development Cost

DDT&E COMMENT
($M)

STRUCTURES 28.9 LOW-COST APPROACH

MAIN ENGINE

MAIN ENGINE SUPPORT

ACPS SYSTEM

PROPULSION

DATA MANAGEMENT

GN&C

COMMUNICATIONS

INSTRUMENTATION

ELECTRICAL POWER

POWER DISTR. & CONTROL

ASTRIONICS

INSULATION

CONTROL

THERMAL CONTROL

INST. ASSEMBLY & CHECKOUT

TOTAL VEHICLE

13.O

10.5

7.3

30.8

5.9

8.9

3.9

1.6

4.5

4.4

29.2

1.9

1.3

3.2

9.1

101.2

EXISTING ENGINE

CENTAUR-PROVEN TECHN iQUES/COMPON ENTS

EXISTING COMPONENTS USED

MODIFIED CENTAUR

CENTAUR & OTHER EXISTING COMPONENTS

MODIFIED EXISTING COMPONENTS

MODIFIED CENTAUR

MODIFIED SHUTTLE FUEL CELL

MODIFIED CENTAUR COMPONENTS

CENTAUR TYPE

LOW COST OBTAINED THROUGH EXTENSIVE USE OF EXISTING COMPONENTS & DEVELOPED TECHNIQUES
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Table 2-86. Program 1 Cost Per Flight

LAUNCHOPERATIONS

MA INTENANCE& REFURBISHMENT

GROUNDOPERATIONSTOTAL

FLIGHTOPERATIONS

OPERATIONSSUPPORT

EXPENDEDHARDWARE

TOTALAVERAGECOST/FLIGHT

COST($MILLION)

MODE

1 2 3

0.23 0.23 0.23

O.18 O.18 0. 18

0. 41 0.41 0. 41

0.38 0.38 0.38

0.09 0.09 0.09

0 10.71 0.27

0.88 11.59 1.15

MODE1 REUSABLETUG

MODE2 EXPENDABLETUG

MODE3 REUSABLETUG& VELOCITYPACKAGE

SM/YR.

FY

DDT&E

PRODUCTION

OPERATION

TOTAL

100

80

60

40

20

76 77 78 79 80 81 82 83 84 85 86 87

16.6 85.6 65.9 19.6 5.4

3.0 18.0 27,2 30.8 37.2 30.3 27.0 24.1 15.3 3.4 0.3

9.4 15.6 15.7 17.4 18.6 18.5 18.6 17.5

16.6 88.6 83.9 46.8 45.7 52.7 46.0 44.4 42.7 33.9 21.9 I 17.8

88 89

16.2 16.2

16.2 16.2

9O 91

16.0 7.9

16.0 7.9

Figure 2-67. Program 1 Annual Funding Requirements

2.4.1.10 Program Risk. The purpose of the risk assessment is to identify those

areas that could degrade Tug performance or programmatics/cost if predicted values

are not attained. Risk assessment is concerned with the residual risks in the con-

figuration and program as defined and as assessed at this point in time. Risk and

program/configuration definition is an iterative process and many of the risk areas

identified could be changed by suitable modifications to designs, test programs, etc.
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Areas of concern are listed on the left side of Figure 2-68° These are arranged in

decreasing order of concern, i°e°, safety is the issue of greatest concern followed

by cost, schedule, etco The horizontal bars show the relative risk on a scale of 0 to

]0o These risk ratings are based on the MF-003M rating for cost confidence. The

zero (low risk} value is used for off-the-shelf items, where familiar procedures are

used, where detailed analysis has been made, in general when there is high confidence

that the technical/programmatic/cost predictions will be attained easily° The 10 (high

risk} value relates to advanced technology subsystems that have no hardware basis,

where major development is required, where adequate analyses have not been made,

where the program is overconstrained by cost, performance, and schedule require-

ment s.

For Program 1 the schedule is considered to be the most vulnerable item followed by

ground operations, structure, and cost. The items of least concern are subsystem

weights and propulsion performance because of large margins and off-the-shelf pro-

pulsion systems. Safety is also rated a low risk because potential hazards have been

overcome by designing-in adequate solutions, absorbing the associated weight penalties,

and structuring the ground test program to verify these solutions.

In general the risks associated with Program 1 are extremely small and much less

than is usually associated with an advanced space program in its Phase A development
status.

AREA OF [ MEASUREMENT OF RISK I

CONCERN LOW [ I I I HIGH EXPLANATION
0 2 4 6 8 10

SAFETY

COST

SCHEDULE

MISSION EFFECTIVENESS Im

FLIGHT OPS. COMPLEXITY

REUSABI LITY

GROUND OPERATIONS

B

Ill

SAFETY DESIGNED IN (252 LB. WEIGHT

PENALTY), VERIFICATION TEST PROGRAM,

CREW MONITOR & OVERRIDE

CONFIDENCE LEVEL = 3.25, CENTAUR COST STUDY

TANKS & SOFTWARE ARE PACING ITEMS

100% MISSION CAPTURE, LARGE GROWTH

POTENTIAL (1.54 PAYLOADS/FLIGHT)

97% OF FLIGHTS = SINGLE TUG OPERATION

PROVEN COMPONENTS, MAX. RELIABILITY FOR

MIN. COST, MTBF IS INSENSITIVE FOR REDUNDANT

SYSTEMS

REUSE NOT DEMONSTRATED BUT TECHNIQUES

UNDERSTOOD

WEIGHT TOTAL CONTINGENCY = 23% FOR 3,500-LB. PAYLOAD

TECH. PERF: STRUCTURE

PROPU LSION

ASTRIONICS

m

BB

m

BIBTHERMO

FRACTURE CONTROL & FLAW DETECTION IN TANKS,

PROOFING OF DOCKING SYSTEMS

AVAILABLE TECHNOLOGY SIMILAR TO CENTAUR

CENTAUR TECHNOLOGY + ADDED REDUNDANCY

GUIDANCE UPDATE ACCURACY & STRATEGY

CENTAUR TYPE CONFIG., PURGE BAG DEVELOPMENT

Figure 2-68. Program 1 Risk Assessment
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2.4.1.11 Sensitivity Studies. The major programmatic sensitivity conducted on

Program 1 was an IOC sensitivity to a two-year extension of the IOC date (from 12/79

to 12/81) while maintaining the same ATP. The funding spread associated with this

IOC variation is compared with the baseline in Figure 2-69. Such an extension greatly

reduces the potential of any schedule risk with the 12/79 IOC. Ample contingency time

would be available for critical event evaluations before proceeding too far with activities

that should be constrained by such events. The IOC delay reduces the peak funding

from $89 million in 1977 for the baseline to $57 million in 1979 and 1980.

Other sensitivity data relating to various capability features, which is generally applic-

able to all of the programs is presented in Section 2.5.4.

-- -- -- 2-YR. IOC DELAY

COST

($M)

100 -

80

60

40

20

BASELINE

I III -- ._ ... _. .... _ _,_

CALENDAR YEAR

Figure 2-69. Program 1 IOC Variation Impact on Annual Funding

2.4. 1.12 Program Update. Subsequent to the data dump the Program 1 configuration

was updated. The changes made in the update included incorporating the results of

additional analyses and recommendations made by the government.

Table 2-87 identifies the changes incorporated and the rationale for the change. The

weight increment from the baseline Program 1 configuration is also identified. The

configuration incorporating these changes was resized and the performance computed.

Table 2-88 presents a summary weight statement and performance characteristics

for the resized configuration. The geosynchronous deploy payload of 5111 lb (2318 kg)

represents a 241 lb (109 kg) payload decrease over the baseline Tug.

The programmatic characteristics of this updated configuration would be essentially

identical with the baseline. A re-examination of the program costs showed that the

changes in cost were negligible. For example, the DDT&E cost of Program 1 would

change by less than $100,000.
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Table 2-87. Configuration Changes, Program 1 Update

AWT

CHANGE RATIONALE LB (KG)

PROVIDE INCREASE STIFFNESS 20 (9.1)

DESIGN PRESSUREINCREASE FOR ABORT DUMP 54 (24)

CORRECT DISCREPANCY -56 (-25)
DETAI LED ABO RT DUMP ANALYSIS 10 (4.5)

UPDATED THERMAL CONTROL REQUIREMENTS 10 (4.5)

SAFETY - ELIMINATE FIRE HAZARD -27 (-12)

DETAILED ABORT DUMP ANALYSIS 18 (8)

ADDITIONAL ANALYSIS 90 (41)

NO REQUIREMENT SPECIFIED -73 (-33)

INCLUDED IN FPR -57 (-26)

REVISED MAIN ENGINE DATA 22 (10)
REVISED MAIN ENGINE DATA -48 (-22)

UPDATED POWER REQUIREMENTS ANALYSIS -25 (-12)

UPDATED STRUCTURAL DESIGN ANALYSIS

SAFETY- PRECLUDE AIR IN H2TANK

DRYWEIGHT

INCREASE BODY SKIN THICKNESS

INCREASE LH2 TANK THICKNESS
USE2 ACPS He BOTTLES (WAS 4)
INCREASE ABORT PRESSURIZATION PLUMBING

ADD ADDITIONAL HEATERS

CHANGE PURGE BAG TO TEFLON COATED KAPTON

INCREASE FILL & DRAIN LINE SIZE

REVISE CERTAIN ASTRIONICS SYSTEM COMPONENTS

NON USABLE FLUIDS

DELETE 10% FPRONACPSPROPELLANT

DELETE PU LH2 BIAS

NON IMPULSE EXPENDABLES

MAIN ENGINE LEAKAGE

REVISE START AND STOP LOSSES

REVISE FUEL CELL REACTANTS

SHUTTLE INTERFACE ACCOMMODATIONS

INCREASE ADAPTOR STRUCTURE AND
ORBITER ATTACH FITTINGS

ADD DUAL DUMP VALVES AND DUAL

VENT VALVES ON ADAPTOR

INCREASE FILL & DRAIN LINE SIZE ON ADAPTOR DETAILED ABORT DUMP ANALYSIS

Table 2-88. Program 1 Baseline Tug Update Weight Summary

LB (KG)

163 (74)

148 (67)

322 (146)

STR UCTU RE 2402 (1089,6)

PR OPU LSI 0 N 1303 (591.0)

THERMAL CONTROL 408 (185.1)

AVIO N ICS 1286 (583.3)

CONTI NG EN CY 540 (244.9)
TOTAL DRY WEIGHT

NONUSABLE FLUIDS

MAIN PROPELLANT FPR

5939 (2693.9)

362 (164.2)

256 (116.1)
BURNOUT WEIGHT

NON-IMPULSE EXPENDABLES

USABLE MAIN PROPELLANTS

USABLE ACPS PROPELLANTS

6557 (2974.2)

425 (192.8)

49397 (22406.5)

727 (329.8)

FIRST IGNITION WEIGHT 57106 (25903.3)

SHUTTLE INTERFACE ACCOMMODATIONS 2783 (1262.4)

MAX. PAYLOAD (DEPLOYMENT MISSION) 5111 (2318.3)

TOTAL WEIGHT IN SHUTTLE 65000 (29484.0)

MASS FRACTION = 0.865
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2.4.2 PROGRAM 2

2.4.2.1 Confi_ration. The inboard profile drawing of the Program 2 Tug is shown

in Fig-ure 2-70 . This stage is sized for maximum retrieval capability from a syn-

chronous equatorial orbit. The emphasis in this program is high performance, i.e.,

retrieval of 3500 lb (1588 kg) with low operating cost. The DDT&E cost is to be low,

consistent with these constraints. The main engine chosen for this Tug is the

RL-10 Cat IIB operating at a mixture ratio of 5.4:1. The two-position nozzle provides

a greater expansion ratio and, hence, greater Isp. Boost pumps are utilized to provide

proper inlet conditions. The structure is a composite sandwich shell. The tanks are

2219-T87 aluminum alloy with welded, gore-formed elliptic domes. A zero-g vent sys-

tem will be inst_lled in each tank. The ACPS is hydrazine monopropellant with helium-

pressurized, positive-expulsion tanks. Line and tank heaters have been included to

condition the hydrazine. Sixteen ACPS engines in four clusters of four provide all axis

m_meuver capability and fail-operational/fail-safe redundancy.

The avionics suit is chosen to be lightweight and to include the components necessary

for payload rendezvous. The computer and IMU are advanced design, lightweight com-

ponents, typical of 1973 technology items. Level I autonomy has been retained and the

necessary guidance update equipment (horizon and star sensors) included. The commu-

nications subsystems have been delineated to handle operation with SGLS and USB. Fuel

cells are utilized for Tug power generation. Sufficient redundancy is included to provide

reliable operation for the six-day mission.

The insulation system is 20 layers of aluminized Kapton Superfloc with an inner leakage

containment membrane and an outer purge bag. Each tank is separately contained. The

astrionics module sidewall is utilized to radiate component-generated heat to space.

Portions of this sidewall (about 25%) are insulated to prevent excessive cooldown. A

radiator is located in the intertank area to reject fuel cell waste heat.

2. zt. 2.2 Subsystems

Structure and Mechanisms -- The selected characteristics and the supporting selection

rationale for the structural/mechanical subsystems are summarized in Figure 2-71.

The combination of suspended monocoque fuel tank and full-length body structure is

lighter and less expensive than the option featuring an integrally stiffened, Ioad-bearing

tank with less body structure. Suspension of both tanks with discrete thermal isolation

struts reduces heat input and resultant propellant boiloff.

Grade 2219-T87 aluminum was selected as the preferred tank material from among 12

candidates. Its frequent recent use has permitted detailed characterization in the key

categories of fracture toughness, stress-corrosion resistance, and weldability where

it is unsurpassed by other candidate aluminum alloys. In addition, it results in one of

the lightest tanks systems.
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Figure 2-70. Inboard Profile of Program Tug 2
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SUBSYSTEM CHARACTERISTICS

PROPELLANTTANKS

,F39 BODY STRUCTURE

_ THRUST STRUCTURE

'_'_j METEOROID SHIELD

r_') PAYLOAD INTERFACE

"_) ORBITER INTERFACE

• MONOCOQUE; SUSPENDED FROM BODY
• 2219-T87 ALUMINUM

• ELLIPSOIDAL GORE BULKHEADS
• CLOSE TOL CHEM-SIZED

• 3 SEGMENTS

• COMPOSITE SANDWICH

• 1-PC ALUMINUM CONE
I

• OXIDIZER TANK AFT CLOSURE (BOLT-ON)!

• PROVIDED BY BODY STRUCT SKIN

• SQUARE FRAME DOCKING SYSTEM
• HYDRAULIC ACTUATORS FOR

FRAME, LATCHES

• LONGERON STIFFENED COMPOSITE ADAP'I"

• ELECT. LINEAR BALL- SCREWS FOR
DEPLOY, DOCK, LATCH, UMBIL
MECHANISMS

RATIONALE

• LOW WT; LOW HEAT INPUT
• EXISI'ING;STRONG;TOUGH;GOOD WE L

• LOW HEIGHT; MIN DEVEL(LOW COST)
• MIN WT BY THICKNESS TOL CONTROL

• EASE OF MAINT/REFURB
• MIN WT

• LOW WT
• BI-FUNCTIONAL

• EXCESS t FOR 6-DAY SYNC MISSION

• LOW WT; BEST P/L COMPATIBILITY
• REVERSIBLE; SIMULTANEOUS

ACTUATION

• MIN WT

• EXISTING HARDWARE

Figure 2-71. Structural Characteristics of Program 2 Tug

Ellipsoidal bulkheads with a/b = 1.38 avoid compressive hoop stresses and provide tank

lengths compatible with the total vehicle length constraint. Gore construction is used

in preference to the one-piece spin-formed option due to lesser development, higher

strength, and a negligible (4 lb) weight penalty.

The body structure is partitioned into three segments (astrionJcs, forward module, and

aft module) for ease of both initial fabrication/subsystems attachment and subsequent

maintenance and refurbishment. Frame reinforced graphite-epoxy composite sandwich

construction was selected in preference to metallic systems for minimum weight.

The integral tank-mounted thrust structure concept is preferred over either the non-

integral tank-mounted or body-mounted options since it provides a stiff, low-weight,

in-line load path into the oxidizer tank aft bulkhead, and also functions as a sump and

tank access closure. Its one-piece construction assures low cost and minimum risk.

The body-structure sandwich panel skin exceeds minimum meteoroid bumper thickness

required for a six-day on-orbit synchronous mission during the interval of greatest

seasonal meteoroid activity.
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Discrete two-position latches, square-frame docking structure, and a hydraulic power
system for latch andframe position control permit deployment and retrieval of space-
craft at the payload interface.

Composite skin-stringer construction is selected for the support/deployment adapter
for compatibility with the body structure. All mechanisms in the Orbiter interface sub-
system are actuatedby multiple electrically powered linear ballscrews based on exist-
ing hardware designs.

Thermal Control -- The Program 2 insulation and thermal control systems are shown

in Figure 2-72. It is the same as the Program 1 system described in Section 2.4. 1.2

except for the multilayer insulation. Superfloc was selected in that it provides excellent

thermal performance for the six--day missions of Program 2 over all stages of the

mission.

Astrionics -- A lightweight, relatively low DDT¢_E cost astrionics system was selected

for Program 2 based on maximum utilization of existing equipment or equipment cur-

rently in development. The vehicle has level I autonomy and meets the full perform-

ance requirements. Redundancy is added selectively to meet reliability and safety

requirements. A functional block diagram of the astrionics system is shown in Figure

2-73.

The characteristics of the astrionics system are summarized in Table 2-89. The data

management subsystem consists of triple redundant computer units that are in develop-

ment, a triple redundant data bus, and a tape recorder that is in development for the

High Energy Astronomical Observatory program. The tape recorder stores formatted

telemetry data to be communicated to the ground and can store data required at pre-

planned times during the missions. Guidance and navigation functions are accomplish-

ed with a dual redundant electrostatic gyro configuration. For guidance update, horizon

and star-sensor units are used to update inertial measurement unit data to improve navi-

gation accuracy. The triple redundant electromechnaical flight control system interfaces

with the central computer through the data bus, the servo controller, and the sequence

controller. Rendezvous and docking utilizes dual laser radars that are in development

for the Tug program to provide an independent operation capability. The dual redundant

rf communications subsystem provides Shuttle, ground and payload communications with

modified ERTS transponder for NASA missions mad two modified FLT SAT COM trans-

ponders for DOD missions. Triple redundant instrumentation is a new design for safety-

certified functions. Instrumentation signals are transferred through the sequence and

servo controller units. The primary source of electrical power is a dual redundant in-

stallation of a new, lightweight fuel cell that is being developed. An emergency battery

provides short-term backup for the maintenance of safety-critical functions in the event

of loss of the primary electrical power. A boost pump battery supplies separate, un-

regulated electrical power to electrical boost pumps. New inverters convert the battery

power to ac for the boost pumps. The forward and aft power control units provide elec-

trical power distribution and switching with a new design utilizing sold state and hybrid

technology.
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CRYOGENIC INSULATION

SKIN iI SUPERFLOC
BLANKET

BAG

LEAKAGE

CONTAINMENT j
MEMBRANE (LCM) --

CHARACTERISTICS

• HIGH THERMAL PERFORMANCE

• DOUBLE TANK ISOLATION (LCM
AND BAG)

• MLI PRECONDITIONING, PURGE
AND REPRESSURIZATION

• MLI PROTECTION FROM
ENVIRONMENT

VEHICLETHERMALCONTROL

%
ASTRONICS MODULE HEAT REJECTION

S FUEL CELL HEAT REJECTION

_'_ HEATERS FOR ACPS

CHARACTERISTICS

• SIMPLE, LIGHTWEIGHT, PROVEN
COMPONENTS

• MAINTAINS PRESCRIBED COMPONENT
OPERATING TEMPERATURE LIMITS
UNDER MOST SEVERE CONDITIONS

Figure 2-72. Insulation and Thermal Control for Program 2 Tug
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L---- I i_-J

RECORDER POWER
CONTROL

REDUNDANT DATA

ISEOUENCE i

[CONTROLLERJ
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& STAR

SENSOR I LASER
RADAR

I BUS

[[
I

I PUMP
INVERTERS

Figure 2-73. Functional Block Diagram of Astrionics System for Program 2 Tug
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Table 2-89. Astrionies System Characteristics for Program 2 Tug

SUBSYSTEM REDUNDANCY

DATA MANAGEMENT TR I PI.E

SINGLE

GUIDANCE & NAV. DUAL

FLIGHT CONTROL TRI PLE

GUIDANCE UPDATE SINGLE

DUAL

DEVELOPMENT
STATUS

IN DEVELOPMENT

IN DEVELOPMENT

CHARACTERI ST ICS

65K MEMORY, DATA BUS

TAPE RECORDER

IN DEVELOPMENT ELECTROSTATIC GYRO

NEW ELECTRO-MECHAN ICAL

IN DEVELOPMENT LEVEL IAUTONOMY
STAR SENSOR & HORIZON
SENSOR

IN DEVELOPMENT LASER RADARRENDEZVOUS &
DOCKING

COMMUNICATIONS DUAL ERTS (MOD.) USB (NASA), TUG/GROUND,
TUG/PAYLOAD

FLTSATCOM (MOD.) SGLS (DOD), SECURE, TUG/
GROUND, TUG/PAYLOAD

INSTRUMENTATION TRIPLE FOR SAFETY NEW USES DATA BUS

ELECTRICAL POWER DUAL FOR SAFETY NEW EMERGENCY BATTERY, BOOSl
CR ITICAL PUMP BATTERY

POWER DISTRIBUTION DUAL FOR SAFETY NEW SOLID STATE&HYBRID,
& CONTROL CRITICAL BOOST PUMP INVERTERS

Propulsion -- The propulsion system for the Program 2 Tug consists of the main pro-

pulsion system, used for ,_ll axial AV requirements above 1.0 ft/sec (3.04 m/sec), and

the attitude control propulsion system (ACPS), for attitude maneuvers and axial AVs

below 10 ft/sec (3.04 m/sec).

Main Propulsion -- The four main engine alternatives considered for Program 2 were

the RL-10 Cat II, the RL-10 Cat IV, the Advanced Space Engine (ASE), and the Aero-

spike. RL-10 Cat liB was selected for Program 2 based on lowest DDT&E cost, ability

to meet minimum payload requirements, and availability of the same low-thrust options

offered by the higher cost engines. Additional detail on engine selection rationale is in-

cluded in Section 2.4.2.11. The main propulsion system is shown in Figure 2-74.

The Cat IIB engine is a Pratt & Whitney RL-10A-3-3 engine modified to best satisfy the

varied Tug operating requirements by incorporating the following additional (compared

to Cat I) concepts:

a. Two-position nozzle for minimum stage length.

b. Tank head idle mode for minimum cooldown loss and provision of axial AVs from

10ft/sec (3.04 m/sec) to 50 ft/sec (15.2 m/sec).
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LH 2 START BASKET _ H 2 ZERO-G VENT (2) 7

"x,,, //--- VENTLINE
ISOLATION VALVE _ "- _ _ / ]/ /'-"-- ISOLATION VALVE

PLIS/PU "_ _ _'_ f?_'# / _ FEED LINE

SENSORS  \ \1 / All__.-.,

LO2 ZERO'G VENT (2)J _ _"_-_ ._ P l

VENT CATEGORY,,B
LINE W k - _L/___ LH2FEEDLINE: GINE

o..,.
2 _ TUG-PALLET ' "

CENTAUR RLIOA-3-3 MODIFIED & REQUALIFIED FOR

TWO-POSITION NOZZLE

IDLE/MANEUVER THRUST

HIGHER MIXTURE RATIO

THRUST (LB)

MAINSTAGE 15,000

MANEUVER 3,750

IDLE 150

ISP ISEC) 461.6

e 180.0

PC (PSIA| 400

MIXTURE RATIO 5.4

NPSP (FT)

LO 2 7.5

LH 2 14.0

WEIGHT (LB) 410

PRESSURIZATION-ELECTRIC BOOST PUMPS

LIFE (HOURS/STARTS) 61190

COST ( t_l )

ODT&E 46

TFU 0.8

SCHEDULE (MONTHS FROM ATP)

PFC 34

FFC 44

INTERFACE PANEL

SELECTED FOR MINIMUM COST WITH PAYLOAD MARGIN

Figure 2-74. Main Propulsion for Program 2 Tug

c. Maneuver thrust for provision of axial AVs from 50 ft/sec (15.2 m/sec) to

400 ft/sec (122 m/sec).

The Cat IIB engine is otherwise similar to the Cat I engine and must also be qualified

for lower inlet pressures (16 psia minimum for both pumps), modified cooldown se-

quence and feed system compatibility, discussed under Program 1.

Main En_me Support -- Subsystems included under main engine support are identical to

those for Program 1 (Section 2.4. 1) with the following exceptions:

a. LH 2 boost pump bhp = 1.2 (Program 1 = 2.2)

b. LH 2 inverter = 1500 VA (Program 1 = 2300)

c. Zero-g venting-- redundant zero-g vents identical to the single Program 1 units

are used to meet reliability requirements for the longer coast periods.

d. Electromechanical instead of hydraulic gtmbal system for gimbaling of main

engines during tank head idle mode.

e. Zero-g propellant settling using tank head idle mode (YHIM) -- the boost pumps

must operate during THIM to meet the engine inlet pressure constraints; con-

sequently, a surface tension (screen) start basket Is used for initial propellant

acquisition.
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ACPS -- A hydrazine ACPS system is used on the Program 2 Tug. It is essentially

identical with the system used on the Program 1 Tug and described in Section 2.4. 1.2.

The only difference between the Program 1 and Program 2 systems is the removal of

one N2H 4 bottle due to the reduction in ACPS axial impulse for AV and elimination of
propellant settling impulse with the RL-10 Cat liB operating in a low-thrust tank head

idle mode to accomplish those functions. A system schematic for this hydrazine ACPS

is presented in Section 2.2.4.2.

Interfaces -- The Tug/Orbiter and Tug/payload interface characteristics for the

Program 2 Tug have the same general characteristics as the Program 1 Tug described

in Section 2.4.1.2. The only significant difference is in the Tug/payload physical

interface. For payload deploy and recovery, a square frame docking mechanism aligns

the payload with the Tug and provides velocity attenuation. Latches between Tug and

payload are pin type, hydrmllic actuated with disengage/engage capability. A more de-

tailed discussion of the Tug/Orbiter interface is presented in Section 2.5; 3.

Kick Stage -- The kick st, age configuration used with the Program 2 Tug for certain

planetary missions is shown in Figure 2-75 along with the major stage characteristics.

Gross weight of the kick stage is 1600 lb (726 kg), and a Thiokol TE-M-364-2 motor is

used. A payload adapter and separation system is mounted between payload and Tug.

Despin rockets and the necessary batteries and sequencing equipment for ignition, de-

spin, and separation are mounted on the motor or the small adapter between the motor

case and payload. No guidance is provided; preburn aiming and spin up are accomplish-

ed by the Tug.

2.4.2.3 Mass Properties. Weights for the Program 2 baseline Tug are summarized

in Table 2-90. The weights are for a geosynchronous equatorial payload

retrieval mission. The maximum payload capability for this mission is 5204 lb

(2360.5 kg). Total installed weight of the Tug in the Shuttle, including all Tug/Shuttle

interface accomodations, is 65,000 lb (29,484 kg). Propellants are off-loaded when

launched with a payload on board.

Vehicle cg and moment of inertia data for the selected flight conditions specified by

NASA are presented in Table 2-91. Longitudinal centers of gravity are plotted versus

Tug-chargeable gross weights in Figure 2-76. The appears to be no problem staying

within the Shuttle Xcg envelope since propellants are dumped during Orbiter powered

flight in an abort.

2.4.2.4 Reliability. in accordance with the results of a redundancy/cost optimization

analysis discussed in Section 2.3.1, redundancy was designed into the Program 2 Tug to

allow attainment of a mission reliability of 0.97 for a baseline mission of 164 hours. The

redundancy levels for each of the major subsystems, and the resulting reliability, are

summarized in Table 2-92. As indicated in tMs table, all subsystems are essentially

dual redundant. The exceptions are the data management subsystem, which is triply re-

dundant, and the APS sysbsystem, which is fall-operational/fall-operational in several
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/
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¢::J

PAYLOAD ADAPTER

& SPINUP KIT

F

I
I

_1
SHUTTLE PAYLOAD_ 7
BAY ENVELOPE /

CHARACTERISTICS

MASS PROPERTIES ATTITUDE CONTROL SPIN-STABILIZED

TOTAL WEIGHT 1,600 LB. (726 KG) AVIONICS
PROPELLANT WT. 1,440 LB. (653 KG)
MASS FRACTION 0.9 POWER BATTERY

SEQUENCER EVENT TIMER
SIZE TELEMETRY NONE

LENGTH 63 IN. (1.600m) GUIDANCE NONE

DIAMETER 38 IN. (0.965m) DESPIN DESPIN ROCKETS

PROPULSION SLOW-BURNING
SOLID

Figure 2-75. Kick Stage Configuration for Program 2 Tug

modes. The resulting reliability for the Program 2 Tug is 0. 967 (without kick stage).

For kick stage missions, the Tug opera£es for only 24 hours. The Tug reliability for

this short mission is > 0.99. When the reliability of the kick stage is coupled with the

Tug reliability, the overall kick stage mission reliability is > 0.97.

2.4.2.5 Performance. Figure 2-77 shows the Program 2 Tug payload weight capa-

bility for each applicable mission mode. The curves are all based on a due-east

Shuttle launch, except for the deployment curve labeled polar. The Shuttle is assumed

to have a payload weight capability of 65,000 lb (29,492 kg) due east and 36,000 lb

(16,334 kg) polar, to the nominal 160 n. mi. (296 km) Tug staging orbit. The curves

are based on a six-burn flight profile such as the synchronous equatorial deployment

or sortie mission, except for the expendable Tug curve, which is based on three burns.

The performance exceeds the 3500 lb (1588 kg) synchronous retrieval payload
capability.

For illustration, planetary missions that require a velocity package and an expended

Tug, respectively, appear on the graphs. All of the mission model can be done by this

Tug, in one of the flight modes shown on the chart.

The synchronous equatorial mission performance is summarized in Table 2-93.

sensitivity of payload weight to burnout weight and specific impluse is also shown.

These derivatives are based on a fixed-size Tug.
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Table 2-90. Program 2 Baseline Tug Weight Summary
(Synch. Eq. Max. Payload Retrieval Missions)

Structures

Body ,gt ructure

Fuel Tank & Supports

Oxidizer Tank & Supports

Thrust Structure

Equipment Mounting Structures

Meteroid Structure

Interface for P/L & Shuttle

Umbilicals

Proptdsion

Main Engine (ME) Assembly

ME Actuation & Support

ACPS & Support

Pressurization

Fill, Vent & Drain (Incl. Feed)

Purge System

Propellant Management

Thermal Control

Fuel Tank Insulation

Oxidizer Tank Im_ulation

Purge System

Radiators []ncl. Fluid Loop

Heaters, Coatings)

Avionics

Rendezvous & Docking

Data Management

Flight Controls

Guidance & Navigation

Guidance Update

Power

Power Conversion & Distribution

Instrumentation

Communication

STAGE DRY WEIGHT

Contingency

TOTAL DRY WEIGHT

NON-USABLE FLUIDS

Trapped Propellants - Main

Trapped Propellants - ACPS

Trapped Gases

Trapped Helium

PropeLlant Leakage

Propellant Reserves - Main

Propellant Reserves - ACPS

PropeLlant Utilization

Trapped Water

BURNOUT WEIGHT

(2094) (949.8)

984 446.3

468 212.3

295 133.8

24 10.9

90 40. 8

200 90.7

33 15.0

(1466) ( 665.0

410 186.0

88 39.9

319 144.7

571 259.0

20 9.1

58 26.3

(416) (188.7)

86 39.0

41 18.6

203 92.1

86 39.0

(984) (446.3)

60 27.2

165 74.8

50 22.7

30 13.6

51 23.1

216 98.0

266 120.7

60 27.2

66 39.0

4960 2249. 8

496 225.0

5456 2474. 8

(775) (351.6)

115 52.2

17 7.7

331 150.1

4 1.8

w w

279 126. 6

22 10.0

7 3.2

6231 2826. 4

NON-IMPULSIVE EXPENDABLES ( 294) (133.4)

ME Chilldown -- --

ME Leakage -- --

ME Shutdown 77 34.9

Pressurunts - Main -- --

Pressurunts - ACPS -- --

Fuel Cell Reactants 87 39.5

Fuel Line Chilldown -- --

Gas Generator -- --

Thermal Control Fluids -- --

Boiloff Vented 130 59.0

PROPELLANTS (56520) (25637.4)

*Main Engine (56303) (25539.0)

Main Propellant - Fuel 8797 3990.3

Main Propellant - Oxidizer 47506 21548.7

Attitude Control Propellants 217 98.4

*FIRST IGNITION WEIGHT 63045 28597.2

SHUTTLE INTERFACE ACCOMMODATIONS ( 1955) (886.8)

Adapter Structure

Supports 372 168. 8

Attachmont Fi_ings 104 47.2

Deployment Mechonism 206 93.4

Propellant Lines, Umbicals, Tankage

Fill, Drain, Dump 178 80.7

Dump Pressurization System 625 283.5

Avionics Interface

Shuttle/Payload in Bay 160 72.6

Mission Specialist Station 310 140.6

Bay Purge (In Dump Pressurization)

Gases

Bottles

I

n

Payload Auxiliary Support -- --

**STAGE PAYLOAD (MAX. CAPABILITY) (5205) (2360.5)

Payload 5204 2360.5

Payload Adapter (Part of Payload) -- --

AUXILIARY STAGE ( -- ) ( -- )

TOTAL WEIGHT IN SHUTTLE 65000 29484.0

*Mass Fraction = Main Engine Propellants = 0. 893
First Ignition Weight

**Non-add (Retrieval payload)
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Table 2-91. Program 2 Centers of Gravity and Moments of Inertia

Z0

Xo 582.9 IN. Xo 1302.0 IN.

1478.3 CM 3307.1 CM

ADAPTER_ _'_

IP'L '%
400.0IN ._._-h_-r_"r-'tl-- Z_

-- i - I ilo16.ocM--C-
ixo88907,NI
I 2258.2 CM I

CONDITION

WITHOUT PAYLOAD:

VEHICLE FULL OF PROPELLANT

INSIDE SH U'I-I"LE PAYLOAD BAY

VEHICLE FULL OF PROPELLANT

SEPARATED FROM SHUTTLE

VEHICLE EMPTY OF PROPELLANTS

INSIDE SHUTTLE

WITH 3500 LB (1578.6 KG) PAYLOAD:

VEHICLE FULL OF PROPELLANT

INSIDE SHUTTLE PAYLOAD BAY

VEHICLE FULL OF PROPELLANT

SEPARATED FROM SHUTTLE

VEHICLE EMPTY OF PROPELLANT

INSIDE SHUTTLE

Xo 589.07 IN. Xo 1298.0 IN.
1496.2 CM 3296.9 CM

WEIGHT

LB (KG)

W

65000

(29484)

63045

(28597)

8186

(3713)

65000

(29484)

65045

(28597)

11686

(5301)

CENTER OF GRAVITY

SHUTTLE STATIONS

INCH (CM)

X Y Z

1144.5 0.0 400.1

(2907.0) (0.0.1 (1016.3)

1145.5 -0.3 599.9

(2909.6) (-0_) (1015.7)

1086.8 1.6 401.0

(2760.5) (4.1) (1018.5)

1124.3 0.0 400.1

(2855.7) (0.0) (1016.3)

1124.7 -0.3 399.9

(2856.7) (-0.8) 1015.7)

982.6 1.1 400.7

(2495.8) (2.8) (1017.8)

RIGHT SIDE LOOKING

FORWARO IS Y+

MOMENT OF INERTIA

SLUG-FT 2 (KG.METER 2)

IXX Iyy IZZ

9077 133127 132362

(12307) (180496) (179459

6617 104616 104058

(8971) (141840) (141084)

8827 51560 50643

(11968) (69906) (68663)

NOTE:

12137 242125 251360

(16456) (341836) (340800]

9676 224015 223458

(13119) (303724) (302969]

11889 122750 121834

(16119) (166427 (165185]

r...3

L,I.J

IJJ
,--J

I.M

"t"

I--"

Figure 2-76.

LB (KG)

70000(31752)

60000(27216)

50000(22680)

40000(18144)

30000(13608)

20000(9072)

10000(4536)

0

- MAX 65000 LB (29484 KG)

/ .,',
!

I

I (1578.6 KG)
I PAYLOAD
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!

1302 IN.

_/_1 CM)
(0)
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Program 2 Baseline Tug Longitudinal Centers of Gravity
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Table 2-92. Program 2 RedundancySummary

SUBSYSTEM/COMPONENT

DATA MANAGEMENT
COMPUTER
II0 CONTROLLER

GUIDANCE& NAVIGATION
INERTIAL MEASUREMENTUNIT (STRAPDOWN)

GUIDANCE UPDATE
HORIZON SENSOR

ELECTRICAL POWER
• FUELCELL

RENDEZVOUS& DOCKING
LASER RADAR

COMMUNICATIONS
ANTENNAS
COMMAND DECODER
RECEIVERITRANSMITER

MAIN ENGINE SUPPORT
VENTVALVES
FILL & DRAIN (DUMP)VALVES
TVC SUPPORT
ZERO G VENTSUBSYSTEM

REDUNDANCY LEVEL A WEIGHT/LB

TRIPLE
TRIPLE

DUAL

TWOOUTOFFOUR

DUAL

DUAL

DUAL
DUAL
DUAL

DUAL
DUAL
TRIPLE
DUAL

ATTITUDECONTROLPROPULSION SYSTEM
ENGINE MODULES THREEOUTOF FOUR
ACPS SUPPORT DUAL/QUAD

PREDICTEDRELIABILITY I]64 HR. BASELINE MISSI.ON) : 0.9669

60
8

15

]4

35

30

2O

}9
70

291

INCLUDED IN SAFETY WEIGHTS

DEPLOYMENT EXPENDED, RETRIEVAL
& ROUND TRIP

10.000

_3,000

v

>
k-
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<

Q

Q
30C

10C
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- _ •
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1%-! o. 1,000 PROGRAM 2

.__ _ o_ REQUIREMENT:
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Table 2-93. Program 2 Synchronous Equatorial Mission Performance Summary

DEPLOY RETRIEVE ROUNDTRIP EXPEND

PAYLOAD,LB (KG) 8276(3754) 5204(2361) 3149(1428) 18055(8190)

8 (PAYLOAD)
_)(BURNOUTWT) -2.6 -1.6 -1.0

8(PAYLOAD)
_(isp) 84 67 38

2.4.2.6 Mission Accomplishment. Tug flights for deployment, retrieval, and round

trip missions are identified for each year and for the total model in Table 2-94. Tug

flights are subdivided into deployment flight modes: deployment of 1, 2, or 3 payloads

during a single flight of a reusable Tug; deployment of a single (planetary payload with

an expended velocity package and a reusable Tug; deployment of a single, planetary pay-

load by an expended Tug. Only a single retrieval flight mode is possible, no payload up/

one payload down. Two types of round trip flight modes are used with Program 2: one

payload up/one payload down, and two payloads up/one payload down.

Over the total mission model, 64 Tug flights are used to deploy payloads; 27 of these

are single payload flights by a reusable Tug, on 9 Tug flights two payloads are deployed,

and there are 13 flights where three payloads are deployed on a single reusable Tug

flight. Five flights are accomplished with velocity packages, and 10 expended Tug

flights are required. There are 31 retrieval missions and 148 round trip Tug flights.

One-hundred thirty-seven of the round trip flights carry one payload/up one payload

down, and 11 round trip flights carry two payloads up/one payload down.

The entire mission model (258 deployment payloads, 179 retrieval payloads) is accomp-

lished using 243 Tug and Shuttle flights. Since no Tug-to-Tug or velocity package-to-

Tug on-orbit assemblies are required, the number of Tug and Shuttle flights is identical.

Tables 2-95 and 2-96 _show the mission accomplishment capability of the Program 2

Tug for NASA and DOD payloads, respectively. The figures show Tug traffic by mission

destination (synchronous equatorial, other ETR latmch orbits, and planetary) and launch

site (ETR and WTR), and payload traffic by launch site and deployment/retrieval.

Traffic by the year and for the total model is shown.
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Table 2-94. Program 2 Mission Model Flight Summary

TUG FLIGHT MODE

DEPLOYMENT

1 PAYLOAD WITH TUG RETURN

2 PAYLOADS WITH TUG RETURN

3 PAYLOADS WITH TUG RETURN

TUG RETURN + VEL. PACKAGE"

EXPEr,JDED TUG

80 81

NUMBER OF TUG FLIGHTS DURING YEAR

82 83 84 85 86 87 88

6 2 3 5

1 1 0 4

2 1 1 2

2 0 1 2

2 0 3 1

TOTAL

TOTAL

RETRIEVAL

(0 PAYLOAD UP - 1 PAYLOAD DN)

13 4 8 14

8 0 6 6

ROUND TRIP

1PAYLOAD UP/1PAYLOADDN

2PAYLOADSUP/1PAYLOADDN

TOTAL

TOTAL TUG/SHUTTLE FLIGHTS

89 90

2 4 5 27

0 3 0 9

3 2 2 13

0 0 0 5

0 3 1 10

5 12 8 64

4 1 6 31

19 26 22 15 19 14 22 137

0 2 0 2 2 5 0 11

• 1,60D-LB. VELOCITY PACKAGE (EXPENDED)

19 28 22 17 21 19 22 148

40 32 36 37 30 32 36 243

Table 2-95. Program 2 NASA Mission Accomplishment

YEAR

ITEM 80 81 82 83 84 85 86 87 88 89 90 TOTAL

SYNC. EQ. TUG SHUTTLE/FLIGHTS

ETR OTHER ORBIT FLIGHTS

PLANETARY TUG SHUTTLE/FLIGHTS

ETRTUG/SHUTTLE FLIGHTS

WTR TUG/SHUTTLE FLIGHTS

TOTAL TUG/SHUTTLE FLIGHTS

VELOCITY PKG.* EXPENDED ) ETR

TUGSEXPENDED _ ONLY

ETR P/L DEPLOYED

WTR P/L DEPLOYED

TOTAL P/L DEPLOYED

ETR P/L RETRIEVED

WTR P/L RETRIEVED

TOTAL P/L RETRIEVED

ETR P/L DEPLOYEDAND RETRIEVED

WTR P/L DEPLOYED AND RETRIEVED

TOTAL P/L DEPLOYED AND RETRIEVED

10 13 8 9 7 7 9

2 1 3 2 2 1 4

6 0 4 3 0 5 1

18 14 15 14 9 13 14

4 6 4 6 4 5 4

22 20 19 20 13 18 18

2 0 1 2 0 0 0

2 0 3 1 0 3 1

15 14 14 20 14 16 13

2 8 2 4 2 10 2

17 22 16 24 16 26 15

10 14 9 4 6 7 10

4 6 4 6 4 2 4

14 20 13 10 10 9 14

25 28 23 24 20 23 23

6 14 6 10 6 12 6

31 42 29 34 26 35 29

63

15

19

97

33

130

5

10

106

30

136

60

30

9O

166

6O

226

* 1600 LB (726 KG) SLOW BURN GRAIN, ,u = 0.9, SPIN-STABILIZED
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Table 2-96. Program 2 DODMission Accomplishment

YEAR

ITEM 80 81 82 83 84 85 86 87 88 89 90 TOTAL

SYNC. EQ. TUG SHUTTLE/FLIGHTS

ETR OTHER ORBIT FLIGHTS

PLANETARY TUG SHUTTLE/FLIGHTS

ETR TUG/SHUTTLE FLIGHTS

WTR TUG/SHUTTLE FLIGHTS

TOTAL TUG/SHUTTLE FLIGHTS

VELOCITY PKG. EXPENDED I ETR

TUGS EXPENDED I ONLY

ETR P/L DEPLOYED

WTR P/L DEPLOYED

TOTAL P/L DEPLOYED

ETR P/L RETRIEVED

WTR P/L RETRIEVED

TOTAL P/L RETRIEVED

ETR P/L DEPLOYED AND RETRIEVED

WTR P/L DEPLOYED AND RETRIEVED

TOTAL P/L DEPLOYED AND RETRIEVED

9 5 4 9 5 6 10 48

8 5 8 6 10 4 7 48

17 10 12 15 15 10 17 96

1 2 5 2 2 4 1 17

18 12 17 17 17 14 18 113

17 12 11 13 16 11 16 96

3 3 5 4 2 6 3 26

20 15 16 17 18 17 19 122

13 7 11 12 13 8 14 78

0 1 4 1 2 3 0 11

13 8 15 13 15 11 14 89

30 19 22 25 29 19 30 174

3 4 9 5 4 9 3 37

33 23 31 30 33 28 33 211

2.4.2.7. Operations. Operations, both ground and flight, were a special emphasis

and are summarized in Section 2.5.2 and discussed in detail in Volume 6 of Reference

6. This section presents the major operational characteristics which vary between

programs.

Flight Operations -- Flight operations is a significant area since it has been a major

operational cost driver in current space programs. To acheive the goal of low opera-

tions cost for the Space Transportation System, the Tug flight operations costs must be

reduced.

Flight operations is concerned with those activities and procedures involved in accomp-

lishing the actual Tug flight. With respect to cost it includes the flight monitor and

control accomplished from the ground or the Orbiter, necessary preflight mission

planning and post-flight evaluation, and all required software both ground and airborne.

An autonomy level trade, which is summarized in Table 2-97 indicated that the select-

ed level I autonomy was the lowest cost approach both from a development and opera-

tions cost standpoint.

The flight operations cost for Program 1 is summarized in Table 2-98. The DDT&E

cost for flight support software is the development cost for the ground and airborne

(Tug and Orbiter) software for the synchronous equatorial mission. The Tug software
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Table 2-97. Program 2 Cost of Autonomy

AUTONOMY LEVEL

CHANGES
AWEIGHT ACOST ($M)

LB (KG) DDT&E PRODUCTION OPERATIONS TOTAL

LEVEL I TO LEVEL II

LEVEL I TO LEVEL III

LEVEL I TO LEVEL IV

+23 (10.4) +1.6 +0.4 0.0

+35 (15.9) +10,1 +2.7 +5.5*

+35 (15.9) +12.0 +2.7 +8.6*

+2.0

+18.3"

+23.3*

*NETWORK COSTSARE IN ADDITION TO THESE COSTS.

Table 2-98. Program 2 Flight Operations Cost Summary

NASA

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

DDT&E

COST ($M)

19.8

EQUIVALENT

MAN-YR.

495

OPERATIONS

COST ($M)

4.8

18.3

1.0

23.7

EQUIVALENT

MAN-YR.

,,9458 368,000/F LT

,_171 ::N/YR.
592

1,195TOTAL

DOD

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

TOTAL

19.8 495 47.8

4.2

14.4

0.9

17.9

37.4

,o°361 331,000/F LT.

23 _1 OR
34 MEN/YR.

447

937

consists of 12 modules and a total of 50,300 words. The software costs in operations

consist of the changes required for nonsynchronous missions (6200 words per mission)

and the changes required for each flight (550 words). These costs are separated by the

user agency with NASA having 15 nonsynchronous missions and a total of 130 flights and

DOD having 10 nonsynchronous missions and a total of 113 flights. The DOD operations

costs are lower since DOD has a higher number of flights per mission.

Ground Operations -- Ground operations encompasses those Tug vehicle related tasks

accomplished after Orbiter landing to make the Tug ready for liftoff again. Ground

operations analyses of the Program 2 Tug indicated a turnaround cycle of 271 working

hours for a NASA Tug and 282 hours for a DOD Tug with secure communications. As

launch rates increase, particularly at KSC, two, and sometimes three Tugs at a time will

be undergoing different phases of the ground turnaround cycle concurrently. To
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accommodatethese concurrent oper_ions, the basic ground turnaround crew of 107

will be augmented with additional direct support, engineering, and administrative

personnel resulting in the crew sizes shown in Table 2-99. Launch rates at WTR

never increase to the point where crew angment_ion is required.

Minimum active fleet size is also a direct function of launch rates. In an ongoing ma-

ture operating system, a single Tug can make a complete launch-flight-ground

turnaround-launch cycle in approximately 28 calendar days, or 12 launches per year maxi-

mum. Thus, the minimum active fleet size for each launch site is established as shown

in Table 2-99. At KSC, there is also atotal of 10 expendable missions as shown, which

make a total requirement of 14 Tugs. In addition, attrition losses a_ 1% of the total

missions must be accounted for. This adds three additional vehicles, resulting in a

total fleet buy of 17 Tugs for this program.

Once total fleet buy requirements have been established at 17 Tugs, fleet delivery re-

quirements, disposition, and utilization can be examined as shown In Table 2-100. Tugs

are delivered to KSC unless noted with WTR in the Tug Number column. Need dates

are initially based on site activation and/or test flight requirements for the first two

vehicles at KSC and the first vehicle at WTR. After that, need dates are derived from

a production schedule of two per year.

As vehicles are delivered to the launch sites they are phased into the active fleet to ob-

tain relatively even usage on all vehicles as indicated by the total flights per Tug shown

in the last column. Expendable Tugs thus accumulate a number of flights before being

expended in the years indicated. For the utilization plan shown here for Program 2,

Tug 3 is delivered to WTR, flies 14 missions there, and is then transferred to KSC for

one expendable mission in 1987. The maintenance facility proposed for Program 2 is

the all-new Tug Maintenance Facility (TMF) that has been proposed by KSC.

2.4.2.8 Program Plans. This section summarizes the test, manufacture, and facility

plans for Program 2 Tug. The general approach is similar to that discussed in Section

2.4.1.8 for Program 1. This section also shows the major activities and key dates and

the integrated schedule for the development, procurement, and operational phases of

the program.

Ground and Flight Test Plans -- Table 2-101 shows a summary of all major ground tests

including test activity, test site, and test articles; test costs are also shown for each

activity for procurement under both NASA and DOD guidelines. The same number and

type of test articles are used in both NASA and DOD programs. The only significant

difference comes from the DOD requirement for formally demonstrating Space Tug re-

use capabilities. Additional test time is required for propulsion testing to demonstrate

a refurbishment cycle on the engine system and a refurbishment/reusability demon-

stration in conjunction with simulated mission (thermal/vacuum) testing.
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Table 2-99. Program 2 Crew Size and Minimum Active Fleet Size

TUG

FLIGHTS

GROUND

TURN-

AROUND

CREW

ACTIVE

FLEET

REQMT.

CALENDAR YEAR
'TOTAL

84 85 86 87 88 89 90

KSC* 35 24 27 29 24 23 31 193

WTR 5 8 9 8 6 9 5 50

TOTAL 40 32 36 37 30 32 36 243

*EXPENDABLE FLIGHTS (2) (3) (1) (3) (1) (10)

KSC 129 126 126 126 126 126 121 126

WTR 63 63 63 63 63 63 63 63

TOTAL 189 189 189 189 189 189 189 189

MINIMUM ACTIVE FLEET

KSC 3 3 3 3 3 3 3 3

KSC EXP. 2 3 1 3 1 10

WTR 1 1 1 1 1 1 1 1

SUBTOTAL

ATTRITION

TOTAL BUY

6 4 7 5 4 7 5 14
3

17

Table 2-100. Program 2 Fleet Requirement and Utilization

TUG NO.

1

2

3 WTR

4

5

6

7

8

10 WTR

11

12

13

14 WTR

15

16

17 WTR

NEED
DATE

NOV 82

JAN. 83

iAPR. 83

OCT. 83

NOV. 83

JAN. 84

MAY 84

SEP. 84

JAN 85

JUN. 85

SEP. 85

JAN. 86

MAY 86

SEP. 86

JAN. 87

MAY 87

SEP. 87

VEHICLE SCHEDULING CALENDAR YEAR

DELIVERY
DATE DISPOSITION 80 81 82 83 84 85 86 87 88

SEP 82 EXPENDED 7"

JAN. 83 EXPENDED 8*

APR. 83 EXPENDED 5 4 4 2 (*KSC_

JUL. 83 EXPENDED 5 3 3*

OCT. 83 EXPENDED 4 3 _*

JAN. 84 EXPENDED 4 4 6*

MAY 84 EXPENDED 4 4 2 2 2

SEP 84 EXPENDED 3 4 2 2 3

JAN. BIB EXPENDED 4 2 3 2

MAY 85 INVENTORY 4 _t _ 2

SEP. 85 EXPENDED 2 3 5 2

JAN. 86 INVENTORY 2 5 3

MAY 86 INVENTORY 2 3 1

SEP. 86 INVENTORY 1 4 4

JAN. 87 INVENTORY 3 4

MAY 87 INVENTORY 4 4

SEP. 87 INVENTORY 1 3

89 90

|*

1"

4*

3 2

3 3*

3 6

3 3

3 6

4 6

4 5

3 5 KSC
-e.

TOTAL

FLIGHTS

7

8

15

11

13

14

15

15

15

17

18

19

1;t

19

17

";7

12

TOTAL FLIGHTS

ACTIVE, FLEET

• YEAR EXPENDED

TRANSFER LAUNCH SITE

S STORAGE
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Table 2-101. Program 2 Ground Test Summary

TEST ACTIVITY

COMPONENT TESTS

PROPULSION TESTS

STRUCTURAL TESTS

LIFE CYCLE TESTS

DEPLOYMENT ADAPTER

ASTRIONICS SYSTEMS

THERMAL VACUUM

REUSABILITY EVALUATION

LAUNCH SITE VALIDATION

TEST

SITE

CONVAIR &

VENDOR
"LASS
AEDC (J3)

MSFC (4650)

MSFC (4557)

CONVAIR

CONVAI R
JSC

KSC

LeRC (B2)

LeRC (B2)

ETR

WTR

TEST
ARTICLE

PR EPROD UCTION
COMPONENTS

ENGINE & FEED

SYS. HARDWARE

STV

FTV

ORBITER

INTERFACE

HARDWARE

ASTRIONICS

MODULE

F-2 FLT. ART.

F-2 FLT. ART.

F-1 FLT. ART.

F-X FLT. ART.

TOTAL GROUND TEST COST ($M) I

TOTAL COST ($M)

(INCLUDING TEST =
ARTICLE)

NASA DOD

12.6 13.8

4.7 5.3

5.2 5.2

6.8 6.8

1.6 1.6

6.3 6.3

1.0 1.0

N 1.5

2.6 2.6

2.6 2.6

43.4 46.7

REMARKS

SAMPLE SIZE OF 2 REQ.

FOR QUALIFICATION

ALTITUDE CHAMBER REQ.
FOR CATEGORY liB

COMPOSITE BODY STRUCT.
INCREASES TEST COSTS

DEMONSTRATES FUNCT.
CAPABI LITY

RENDEZVOUS & DOCK

HARDWARE/SOFTWARE

INCORPORATED

CRYO CONDITIONS REQUIREMENTS

EXT. OF THERMAL-
VACUUM TEST

The primary objective of the flight test program is to show that the mission reliability

goal of> 0.97, Tug attrition goal of> 0.99, and multi-mission/economics/reuse goals

of the Tug program are attainable. Each flight test mission will be divided into phases,

during which various Space Tug operating modes are tested such as shown for Program

1 in Figure 2-65. The differences in NASA and DOD procurement approaches to flight

test are the same as shown for in Program 1 in Table 2-83. In the NASA approach, it

appears to be cost effective, technically feasible, and relatively low risk to place

operational payloads into low performance orbits on the initial Tug flights. The remain-

ing vehicle performance is utilized for developmental flight testing into progressively

higher risk operating regimes. Under the DOD fly-before-buy concept, two prototype

flight test vehicles must be flown prior to a production decision to demonstrate perform-

ance and reusability.

Manufacturing Plan -- The manufacturing plan shown in Figure 2-78 includes general

manufacturing indentures required to achieve the progressive build-up from the com-

ponent level. The assembly sequence brings together subassemblies that result in

major modules. The factors considered in developing this plan are producibility, use

of existing techniques, ease of accesibility, handling methods, installation of com-

ponents and subsystems at earliest levels of assembly, and minimizing special tooling

requirements. Based on proven tooling and manufacturing schedules, the structural
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Figure 2-78. Program 2 Manufacturing Sequence and Assembly Flow

test article would be available at 32 months, the dynamic test article at 35 months, and

the first flight vehicle at 46 months after program go-ahead.

Test and Manufacturin_ Facilities -- Tn concert with the low-development-cost approach,

emphasis was on existing and operating facilities for manufacturing and testing. No

size, weight, or material limitations exist that preclude the use of existing private or

government-owned industrial facilities. For test facilities, the only question is the

most cost effective use of them; important factors are the operating costs of competing

facilities versus the cost of reactivating facilities that have been "mothballed."

Program Schedule -- Figure 2-79 shows the summary program schedule for Program

2. It shows go-ahead in December 1978, a five-year development phase, and initial

operational capability (IOC) at first flight in December 1983. There are two major

ground test vehicles for the DDT&E phase, i.e., the structural test vehicle (STV) for

structural loads testing and the dynamic test vehicle (DTV) for life-cycle evaluations

including cryogenic tanking tests. These vehicles will be ready to start testing by late

1981 and testing will be complete by late 1982. Flight vehicles 1 and 2 (F-1 and F-2),

the first production vehicles, are assembled in parallel with the structural testing pro-

gram; however, these tests are complete prior to initiation of preflight testing. Any

updates as a result of these tests would have to be accomplished on each of the vehicles

prior to their initial flights.

2-160



MA,K)R MILESTONES

SIRU_.TU,E

URBITER iNTERFACE

_HEnMA_ CONTROL

PROPUL SnON

ASTmONn¢S

VEHICL_ A_Y/CHEC_OUT

aROUNO TEST ARTICLES

FUGHX rEST ARTnCLES

OEL_VER_ES

MA_R OROUND TESTS

FACILITYIGSI: pREPARATION

GROUND TEST SfTE$

FLIGHT TEST SITES

REFURmSHMENT _AClLITY

SUCCOR T EOUamENT

Figure 2-79. Program 2 Schedule, NASA Format

The initial production vehicle (F-l) is delivered to the flight site some 15 months prior

to first flight. During this period it will verify vehicle/facility functional compatibility,

procedures, and operations required for the initial flight. It also serves as continued

training for vehicle post-flight sating, refurbishment, and servicing operations. This

Tug would then be updated as required and be ready to support flights subsequent to IOC.

The second production vehicle is scheduled for the initial flight (IOC), but will undergo

environmental testing in a thermal vacuum chamber prior to the delivery to the flight

site. The initial post-flight turnaround activities are scheduled for three months to en-

sure adequate contingency time as may be needed for these activities. The combined

turnaround and preflight activity will reduce to a nominal period of 3.2 weeks after ap-

proximately 12 flights.

The third, fourth, and fifth production vehicles would be delivered before IOC, and the

remaining Tugs produced on approximately four-month centers, to adequately support

the mission model including expended and attrition vehicles. A total of 17 Tugs is re-

quired in the operational vehicle inventory to satisfy the Tug flight mission model. The

first two of these vehicles support pre-IOC checkout and flight site integration as dis-

cussed above.

The principal pacing activity in the schedule is laser radar development, software

development, and vehicle integration.
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The DODapproachto Tug program procurement (refer to AFSCP 800-3 and DOD Dir.

5000.3) is shown in Figure 2-80. It differs from that shown in Figure 2-79 in the

following areas.

The Full-Scale Development (FSD) phase includes extended ground tests and three flight

test, followed by a period of continued Operational Test and Evaluation (OT&E) testing.

The FSD phase is followed by a DSARC (III) Review prior to a formal production release,

which constrains fabrication of all Tug production hardware. Seventeen Tugs are pro-

duced to meet the full inventory requirement, with 12 Tugs as full production vehicles,

2 as initial flight test vehicles and 3 more as preproduction type vehicles. These latter

three vehicles are not required for FSD but are built during the DT&E phase to back up

the OT&E flight phase and to meet the early year flight requirements until the full-

production vehicles are available. The five pre-production vehicles are consumed on

early expendable-Tug flight missions rather than updated or converted to full production

status. The pacing elements of development in this program approach are the SLR

rendezvous and docking assist and vehicle assembly, site integration, and flight testing

sequence of activities.

2.4.2.9 Program Cost. Program 2 cost estimates were developed according to the

NASA Work Breakdown Structure and the ground rules and assumptions previously stat-

ed for Program 1 in Section 2.4. 1.9. A total program cost summary is shown in Table

2-102, Because DDT&E costs are particularly important (due to their early funding re-

quirements) and because Tug vehicle costs represent the largest portion of DDT&E, a

Tug vehicle DDT&E cost summary is shown in Table 2-103. This Tug vehicle has a

theoretical first unit (TFU) cost of $11.8M, not including the Orbiter interface equip-

ment required for each Shuttle/Tug flight. A breakdown of the average Tug cost-per-

flight is shown in Table 2-104 for each flight mode (reusable, expendable, reusable with

velocity package). The costs of the three modes differ very little, except for the hard-

ware expended (kick stage or expended Tug). The primary reusable Tug mode cost-per-

light is $0.8M.

Program 2 funding requirements are shown in Figure 2-81. Peak year funding of

$145M occurs in 1981 where there is a slight overlap of production with the development

cost peak. This early production is required to have sufficient Tug vehicles for the

early year launch rates (e. g., 40 launches in 1984).

2.4.2.10 Program Risk. The purpose of the risk assessment is to identify those areas

that could degrade Tug performance or programmatics/cost if predicted values are not

attained. Risk assessment is concerned with the residual risks in the configuration and

program as defined and as assessed at this point in time. Risk and program/configuration

definition is an iterative process and many of the risk areas identified could be changed

by suitable modifications to designs, test programs, etc.

Areas of concern are listed on the left side of Figure 2-82. These are arranged in de-

creasing order of concern, i.e., safety is the issue of greatest concern followed by
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Figure 2-80. Program 2 Schedule, DOD Format

Table 2-102. Program 2 Tug Cost Summary

NASA PROGRAM COSTS _ DOD PROGRAM COSTS =

WORK BREAKDOWN STRUCTURE DOT&E INVESTMENT OPERATIONS LIFE CYCLE DDT&E INVESTMENT OPERATIONS LIFE CYCLE

01 PROJECT MANAGEMENT

02 SYSTEMS ENGINEERING & INTEGRATION

03 VEHICLE

TUG

ORBITER INTERFACE

04 AUXILIARY STAGE

05 LOGISTICS

06 FACILITIES

07 GROUND SUPPORT EQUIPMENT

08 VEHICLE TEST

09 LAUNCH OPERATIONS - WTR

10 LAUNCH OPERATIONS- ETR

11 FLIGHT OPERATIONS - NASA

12 FLIGHT OPERATIONS - DOD

13 REFURBISHMENT & INTEGRATION - WTR

14 REFURBISHMENT & INTEGRATION - ETR

TOTAL

7.6 4.3 0.5 12.4

15.6 27.3 3,3 46.2

182.4 179.2

7.4 7.2

1.6

4.8 2.4

9.4 4.1

24.9 9.7

17.1

20.0

20.7 382.3

2.6 17.2

1.5 3.1

7.4 14.6

3.9 17.4

2.7 37.3

17.1

14.0 14.0

25.3 25.3

47.7 67.7

38.4 38.4

4.8 4.8

17.5 17.5

290.8 234.2 190.3 715.3

10.3 3.3 0.5 14.1

21.2 21.0 3.3 45.5

241.1 137.0

7.4 7.2

1.6

5.0 2.2

9.4 4.1

24.9 9.7

29.9

20.0

370.8 184.5

20.7 398.8

2.6 17.2

1.5 3.1

7.4 14.6

3.9 17.4

2.7 37.3

29.9

14.0 14.0

25.3 25.3

47.7 47.7

38.4 58.4

4.8 4.8

17.5 17.5

190.3 745.6

O MILLIONS OF 1973 DOLLARS.
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Table 2-103. Program 2 Tug Velficle DDT&E Cost

DDT&E
WBS ELEMENT ($M)

STRUCTURE 32.3

MAIN ENGINE 46.0

MAIN ENGINE SUPPORT 14.1

ACPSSYSTEM 6.8

PROPULSION 66.9

DATA MANAGEMENT 9.3
GN&C 21.8

COMMUNICATIONS 12.0

INSTRUMENTATION 1.5

ELECTRICAL POWERSOURCE 6.2

POWER DISTR. & CONTROL 6.9

AVIONICS 57.7

INSULATION 9.7

CONTROL 1.3

THERMAL CONTROL 11.0

INST. ASSEMBLY AND CHECKOUT 14.5

TOTAL VEHICLE 182.4

T,%ble 2-104. Program 2 Cost Per Flight

LAUNCH OPERATIONS

MAI NTENANCE & REFURB I SHMENT

GROJ ND OPERATIONS TOTAL

FLIGHT OPERATIONS

OPERATIONS SUPPORT

EXPENDED HARDWARE

TOTAL AVERAGE COST/FLI GHT

MODE ] REUSABLE TUG

MODE 2 EXPENDABLE lUG

MODE 3

COST ($MILLION)

MODE

1 2 3

0. 16 0. 16 0. 16

0. 19 0. 19 O. 19

0. 35 0. 3.5 0. 35

0.37 0.37 0.37

0.07 0.07 0.07

0 10. 92 0. 30

0.79 11.71 1.09

REUSABLE TUG & VELOCITY PACKAGE

cost, schedule, etc. The horizontal bars show the relative risk on a scale of 0 to 10.

These risk ratings are based on the MF-003M rating for cost confidence. The zero

(low risk) value is used for off-the-shelf items, where familiar procedures are used,

where detailed analyses have been made, in general when there is high confidence that

the technical/programmatic/cost predictions will be attained easily. The 10 (high risk)

value related to advanced technology subsystems that have no hardware basis, where
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Figure 2-81.

79 80 81 82 83 84 85 86 67 I 88 89 1 90 91

s.s 61.4 1_., __.j__s._9 _4._6 _ _ __._
lo.e 45,6 4e.2 43.s 41.7 34.5 9.41 0.4

Program 2 Annual Funding Requirements

AREA OF

CONCERN

MEASUREMENT OF RISK

LOW I I I I HIGH EXPLANATION

0 2 4 6 8 10

SAFETY

COST

SCHEDULE

MISSION EFFECTIVENESS

FLIGHT OPS. COMPLEXITY _===

REUSABILITY

GROUND OPERATIONS

WEIGHT |

TECH. PERF: STRUCTURE

PROPULSION

ASTRIONICS

THERMO

i

i

m

SAFETY DESIGNED IN (252 LB. WEIGHT)

PENALTY), VERIFICATION TEST PROGRAM,

CREW MONITOR & OVERRIDE

CONFIDENCE LEVEL = 2.67, CENTAUR COST STUDY

RENDEZVOUS & DOCKING SYSTEM IS PACING ITEM

100% MISS ON CAPTURE, LARGE GROWTH

POTENTIAL (1.60 PAYLOADS/FLIGHT)

98% OF FLIGHTS : SINGLE TUG OPERATION

MAX,MUMREL,AB,L,TYFORM,N,MU cosT_......
MTBF IS INSENSITIVE FOR REDUNDANT SYSTEMS

REUSE NOT DEMONSTRATED BUT TECHNIQUES

UNDERSTOOD

TOTAL CONTINGENCY = 32% FOR 3,500-LB. PAYLOAD

FRACTURE cONTROL & FLAW DETECTION IN TANKS,

PRODUClBILITY OF COMPOSITE SHELL, PROOFING

DOCKING SYSTEMS

ENGINE IDLE MODE, ZERO-g ACQUISITION,

RETRACTABLE NOZZLE

REND. & DOCKING STRATEGY, IMPLEMENTATION,
HARDWARE, ETC. GUIDANCE UPDATE ACCURACY

& STRATEGY

FLIGHT QUALIFICATION NEEDED, PURGE BAG DEVEL.

Figure 2-82. Program 2 Risk Assessment

major development is required, where adequate analyses have not been made, where

the program is overconstrained by cost, performance, and schedule requirements.

The right column shows a brief explanation of why the risk for each area of concern is
so rated on the 0 to 10 scale.

2-165



For Program 2, the most vulnerable items are the technical performance of astrionics
and structure systems, the ground turnaround operations, and cost. The items of least
concern are subsystemweights andpropulsion performance becauseof large margins
andoff-the-shelf propulsion systems. Safetyis also rated a low risk because potential

hazards have been overcome by designing-in adequate solutions, absorbing the associ-

ated weight penalties, and structuring the ground test program to verify these solutions.

2.4.2.11 Sensitivities Studies. The major sensitivity studies conducted on Program

2 were: the effect of a two-year-earlier IOC, the effect of advanced engines, and the

effect of the servicing mission.

IOC Sensitivity -- The effect on program costs of advancing the IOC date by two years,

from 12/83 to 12/81, was investigated. The resulting development schedule is shown

in Figure 2-83 along with the baseline schedule. The ATP date was also advanced by

two years since a three-year development span would be impractical for a full capa-

bility Tug with retrieval. The pacing item on the development schedule is the laser

radar required for rendezvous and docking. With the earlier IOC, development of the

laser radar would have to be initiated in early 1976. Since the IOC variation was ac-

complished by shifting the entire development program by two years, the funding spread

would have the same shape as the baseline program shown in Figure 2-81 with the peak

funding of $145M moving from 1981 to 1979.

Advanced Engine Sensitivity -- The use of advanced engines, i.e., RL-10 Cat IV, Aero-

spike, and Advanced Space Engine (ASE), was considered as a sensitivity study in Pro-

gram 2. The sensitivity study was performed by replacing the RL-10 Cat IIB engine of

the baseline with the particular engine being considered. The configurations were not

resized; however, the weight was adjusted to account for engine weight and feed system

weight differences. The advanced engines were assumed to operate at the 5.4 to 1 mix-

ture ratio of the baseline, which was not far off the optimum point.

The engine performance characteristics, configuration weights, and synchronous per-

formance are summarized in Table 2-105. A mission capture analyses showed that all

three of the advanced engines had the same mission capture capability. The only

difference between the advanced engines mission capture and the baseline Program 2

vehicle mission capture is in the number of velocity packages and expendable stages.

The baseline requires five velocity packages and expends 10 Tugs, while the advanced

engines use 11 velocity packages and expend only four Tugs.

The vehicle development programs with the advanced engines would be the same as the

baseline except for the engine development. The Aerospike and RL-10 Cat IV require an

additional 14 months of development and the ASE requires an additional 20 months,

which means engine ATPs in 1977 for a 1983 IOC.

The program cost data for the advanced engines and the baseline is presented in Figure

2-84. Both the development costs and total program costs are higher with the
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Figure 2-83. Program 2 Accelerated Development Schedule

Table 2-105. Advanced Engine Comparison

BASELINE AEROSPIKE RL10-CAT1V ASE

THRUST, LB (N) 15000 (66600) 20000 (88800) 15000 (66600) 20000 (88800)

Isp, SEC 461.6 468 474 471.5

£ 180 188 380 400

STRUCTURE WEIGHT, LB (KG)

PROPULSION WEIGHT, LB (KG)

ASTRIONICS WEIGHT, LB (KG)

THERMAL CONTROL WEIGHT, LB (KG)

GROSSDRY WEIGHT, LB (KG)

BURNOUT WEIGHT, LB (KG)

SHUTDOWN LOSSES,LB (KG)
OTHER LOSSES,LB (KG)

USABLEACPSPROP., LB (KG)

USABLE MAIN PROP., LB (KG)

TUG GROSS WEIGHT, LB (KG)

2094 (950) 2094 (950) 2094 (950) 2094 (950)

1466 (665) 1371 (622) 1457 (661) 1438 (652)

984 (446) 984 (446) 984 (446) 984 (446)

418 (189) 416 (189) 416 (189) 416 (189)

5456 (2475) 5351 (2427) 5446 (2470) 5425 (2461)

6231 (2826 6126 (2779) 6221 (2822) 8200 (2812)
77 (35) 27 (12) 18 (8) 16 (7)

217 (98) 217 (98) 217 (98) 217 (98)

217 (98) 217 (98) 217 (98) 217 (98)

56303 (25539) 56353 (25562) 56362 (25566) 56364 (25567)
63045 (28597) 62940 (28550) 63035 (28593) 63014 (28583)

DEPLOY PAYLOAD, LB (KG)

RETRIEVE PAYLOAD, LB (KG)

ROUND TRIP PAYLOAD, LB (KG)

8276 (3754) 9181 (4165) 9377 (4253) 9284 (4211)

5204 (2361) 5873 (2664) 6138 (2784) 6027 (2734)

3149 (1428) 3478 (1578) 3595 (1631) 3543 (1607)
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• ADVANCED ENGINES REQUIRE

ENGINE ATP IN 1977

Figure 2-84. Program 2 Costs with Advanced Engines

advanced engines. The advanced engines yield higher performance; however, there is

a significant development cost increase. With the given mission model, the increased

performance does not lower the operations cost sufficiently to reduce total program

cost. The reduction in the number of expended Tugs would decrease the cost per flight

for high energy missions.

Service Mission -- The service mission is a Tug operational mode that provides ser-

vicing of four geosynchronous orbit satellites using a Tug service unit and space re-

placable units (SRU). The Tug service unit weights approximately 500 lb (226.8kg).

The SRU are modules taken up in space to replace expended or malfunctioning satellite

units. It is assumed that these satellites are located at the longitudinal positions shown

in Figure 2-85.

Two different service modes were investigated. Service Mode I expends all replaced

SRUs at each spacecraft serviced. The Tug returns with only 500 lb (226. 8 kg) service

unit. Service Mode II exchanges SRUs, thus it carries payload throughout the mission.

It is assumed the guidance and navigation errors that occur during the transfer orbits

between satellites are removed by the application of 50 fps AV from the Tug, which

allows for docking with the satellite. A period of two hours is spent transferring new

and failed modules and may also involve limited testing of the satellite to ensure satis-

factory operation after servicing. The total time used for rendezvous, docking, and

servicing each satellite is 14 hours.

The time required to accomplish the service mission is a function of the number of

phasing orbits used to rendevous with the satellites, which also affects the total AV

requirements for the mission. As the mission duration increases, theAV for phasing

decreases, but propellant losses such as boiloff and fuel cell reactants increase.
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115OE

Figure 2-85. Service Mission

For up to 14 days, the AV variation is the predominant effect, causing a net increase

in performance as total mission duration is extended as shown in Figure 2-86. The

SRU weight/unit represents the weight of a single unit, assuming that the Tug payload

is four of these units plus a 500 lb (226.8 kg) service unit. Data is shown for both the

baseline condition where the 50 ft/sec (15.24 m/sec) maneuvers prior to servicing are

split in half between main engine idle mode and the ACPS, and where the total 50 ft/sec

(15.2 m/sec) maneuver is provided by the attitude control system. Data for a 20-day

Mode II mission shows that the propellant losses are offsetting the AV reduction with in-

creasing time.

The effect of mission duration on reliability is shown in Figure 2-87. Since the number

of main engine burns has a significant effect on reliability, the data is shown for the two

approaches to accomplishing the 50 ft/sec (15.2 m/sec} maneuver. Since the ACPS is

essentially a fail-operational/fail-operational system, there is no additional unreliability

assigned to it for the increased duty cycle for accomplishing all the docking maneuvers.

The performance and reliability data for Figures 2-86 and 2-87 is cross plotted in
Figure 2-88.

2.4.2.12 Program Update. Subsequent to the data dump the Program 2 configuration

was updated. The changes made in the update included incorporating the results of add-

tional analyses and recommendations made by the government.

Table 2-106 identifies the changes incorporated and the rationale for the change. The

weight increment from the baseline Program 2 configuration is also identified. The

configuration incorporating these changes was resized and the performance computed.

Table 2-107 presents a summary weight statement and performance characteristics

for the resized configuration. The geosynchronous retrieval payload of 4982 lb (2260 kg)

represents a 222 lb (101 kg) payload decrease over the baseline Tug.
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The programmatic characteristics of tMs updated configuration would be essentially

identical with the baseline. With the exception of the elimination of the propellant ac-

quisition device, the effect of the configuration changes on program costs is negligible.

The deletion of the propellant acquisition device reduces the DDT&E cost by $1. 9M and

the total production cost by $1.7M. The change was incorporated based on these cost

benefits.

Table 2-106. Configuration Changes for Program 2 Update

AWT

CHANGE RATIONALE LB (KG)

DESIGN PRESSURE INCREASE FOR ABORT DUMP

CORRECT DISCREPANCY

COST BENEFIT - USE ACPS FOR SETTLING

DETAILED ABORT DUMP ANALYSIS

UPDATED THERMAL CONTROL REQUIREMENTS

PROVIDE ADDITIONAL DATA FOR REFURBISHMENT

MORE DETAILED ANALYSES

SAFETY - ELIMINATE FIRE HAZARD

COST BENEFIT - USE ACPS FOR SETTLING

DETAILED ABORT DUMP ANALYSIS

INCLUDED IN FPR

NO REQUIREMENT SPECIFIED

ADDITIONAL ANALYSES

ADDITIONAL ANALYSES

REVISED MAIN ENGINE DATA

REVISED MAIN ENGINE DATA

UPDATED POWER REQUIREMENTS ANALYSIS

20 (9.1)

-27 (-12)

25 (11)

10 (4.5)

10 (4.5)

30 (14)

27 (12)

-29 (.13)

-40 (-18)

34 (15)

-72 (-33)

-22 (-10)

-7 (3.2)

19 (8.6)

22 (10)

33 (15)

-50 (-23)

180 (82)

148 (67)

DRYWEIGHT

INCREASE LH2 TANK THICKNESS
USE 2 ACPS He BOTTLES

ADO ADOITIONAL ACPS PROPELLANT TANK

INCREASE ABORT PRESSURIZATION PLUMBING

ADD ADDITIONAL HEATERS

PROVIDE ADDITIONAL INSTRUMENTATION TRANSDUCERS

REVISE TUG/PAYLOAD INTERFACE WEIGHT

CHANGE PURGE BAG TO TEFLON COATED KAPTON

ELIMINATE PROPELLANT AQUISITION DEVICE

INCREASE FILL & DRAIN LINE SIZE

NON USABLE FLUIDS

DELETE PU LH2 BIAS
DELETE 10% FPR ON ACPS PROPELLANT

REDUCE TRAPPED ACPS PROPELLANT

INCREASE GASEOUS RESIDUALS

NON IMPULSE EXPENDABLES

ADJUST MAIN ENGINE LEAKAGE

REVISE START & STOP LOSSES

REVISE FUEL CELL REACTANTS

SHUTTLE INTERFACE ACCOMMODATIONS

INCREASE ADAPTOR STRUCTURE & ORBITER ATTACH UPDATED STRUCTURAL DESIGN ANALYSIS
FITTINGS

ADD DUEL DUMP VALVES & DUAL VENT VALVES ON SAFETY - PRECLUDE AIR IN H2 TANK
SUPPORT ADAPTOR

INCREASE FILL & DRAIN LINE SIZE ON ADAPTOR DETAILED ABORT DUMP ANALYSIS 320 (145)

Table 2-107. Program 2 Baseline Tug Updated Weight Summary

LB (KG)

STRUCTU RE 2127 (964.8)

PROPU LSION 1465 (664.5)

THERMAL CONTROL 394 (178.7)

AVIONICS 1012 (459.1)

CONTINGENCY 500 (226.8)
TOTAL DRY WEIGHT

NON-USABLE FLUIDS

MAIN PROPELLANT FPR

BURNOUT WEIGHT

NON-IMPULSE EXPENDABLES

USABLE MAIN PROPELLANTS

USABLE ACPS PROPELLANTS

6183

299

55535

380

FI RST IGNITION WEIHT

SHUTTLE INTERFACE ACCOMMODATIONS

62397

2603

5498 (2493.9)

414 (187.8)

271 (122,9)

(2804.6)

(135.6)

(25190.7)

(172.4)

28303.3

(1180.7)

TOTAL WEIGHT IN SHUTTLE 65000 (29484.0)

MAX. PAYLOAD (RETRIEVAL MISSION) 4982 (2259.8)

MASS FRACTION = 0.890
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2.4.3 PROGRAM 3

2.4.3.1 Configuration. The inboard profiledrawing of the initialProgram 3 Tug is

shown in Figure 2-89. Primary emphasis in thisphase of Program 3 is on low

DDT&E. Therefore, thisconfiguration is very similar to the Program 1 Tug. The

main engine is the RL-10 Cat I. The tanks are sized for the retrieval mission at a

5.4:1 mixture ratio. For the deployment missions, the oxidizer tank is off-loaded to

operate the engine at a 5.0:1 mixture ratio, which is near optimum. The structure is

aluminum skin/stringer construction with suspended 2219-T87 aluminum alloy tanks

with welded gore formed ellipticaldomes. A zero-g vent system is included in each

tank. The ACPS is hydrazine monopropellant with helium pressurized positive

expulsion tanks. Line and tank heaters have been included to condition the hydrazine.

Sixteen ACPS engines in four clusters of four provide all axis maneuver capability

and fail-operational/fail-saferedundancy.

The avionics suit includes a 1973 technology computer with Shuttle IMUs. The TVC

is hydraulic with an engine driven pump, identical with Centaur. Level I autonomy

has been retained and the necessary guidance update equipment (horizon and star

sensors) included. Two communications subsystems have been delineated to handle

operation with SGLS and USB. Modified Shuttle fuel cells are assumed.

The insulation system consists of 20 layers of Superfloc MLI with an inner leakage

containment membrane and an outer purge bag. Each tank is separately contained.

The astrionics module sidewall will be utilized to radiate component generated heat

to space. Portions of this sidewall {about 25%) will be insulated to prevent excessive

cooldown. A radiator will be located in the intertank area to reject fuel cell waste

heat.

The configuration and subsystem arrangement for the final Program 3 is the same as

the initial vehicle. Major changes between the initial and final versions include the

addition of the docking adapter and the avionics components required to fly the retrieval

missions. To improve performance the modified Shuttle cells are replaced with two

advanced development, lightweight fuel cells. An advanced IMU is substituted for the

Shuttle IMU and additional payload communication equipment is added. The longer

mission duration also triggers a change to dual electromechanical TVC actuators.

The main engine requires minor adjustments to operate at a new mixture ratio and

new software modules must be written and inserted in the computer.

2.4.3.2 Subsystems

Structure and Mechanisms -- The selected characteristics and the supporting selection

rationale for the structural/mechanical subsystems for the Program 3 Tugs are sum-

marized in Figure 2-90. The structure is the same as the Program 1 Tug described

in Section 2.4.1.2. There is no difference in structure between the initial and final

vehicles. There are differences in the payload interface.
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SUBSYSTEM CHARACTERISTICS RATIONALE

(_ ,(_ PROPELLANT TANKS

(_) BODY STRUCTURE

(_) THRUST STRUCTURE

(_) METEOROID SHIELD

(_) PAYLOAD INTERFACE

(_) ORBITER INTERFACE

• MONOCOQUE; SUSPENDED FROM BODY

• 2219-T87 ALUMINUM

• ELLIPSOIDAL GORE BULKHEADS

• 3 SEGMENTS

• ALUMINUM SKIN-STRINGER

• 1 PC ALUMINUM CONE
• OXID TANK AFT CLOSURE

(BOLT.ON)

• PROVIDED BY BODY STRUCT SKIN

• DISCRETE PYROTECHNIC LATCHES

• SQUARE FRAME DOCKING SYSTEM

• HYDRAULIC ACTUATORS FOR

FRAME, LATCHES

• ALUMINUM SKIN-STRINGER ADAPTER

• ELECT. LINEAR BALL-SCREWS FOR

DEPLOY, DOCK. LATCH, UMBIL
MECHANISMS

• LOW COST; LOW WT; LOW HEAT INPUT

• EXISTING; STRONG;TOUGH; GOOD WELD

• LOW HEIGHT; MIN DEVEL (LOW COST,
RISK)

• EASE OF MAINT/REFURB

• CONVENTIONAL (LOW COST, RISK);
MED WT

• LOW COST; LOW WT
• BI-FUNCTIONAL

• EXCESS t FOR 6-DAY, SYNC MISSION

• FLIGHT-QUALIFIED;DEPLOY ONLY

• LOW WT; BEST P/L COMPATIBILITY

• REVERSIBLE; SIMULTANEOUS
ACTUATION

• CONVENTIONAL; MED WT

• EXISTING HARDWARE

Figure 2-90. Program 3 Tug Structure and Mechanism Characteristics

Discrete one-shot pyrotechnic latches are provided for payload separation in the

initial program since there is no requirement for payload reattachment. For the

final program these are replaced by two-position latches, a squsre frame docking

structure, and a hydraulic power system for latch and frame position control.

Thermal Control --The thermal control and insulation systems are shown in Figure

2-91. They are identical with the Program 2 Tug. Rather than evolving the insu-

lation, high performance Superfloc MLI was selected for both the initial and final
vehicles.

Astrionics -- The astrionics configuration for the Program 3 vehicle is a phased

program with an objective of low DDT&E cost for an initial minimum performance

system for IOC in 1979 and low conversion cost to a final maximum performance

system with IOC in 1983. The initial and final vehicles have level I autonomy for

guidance update. Redundancy is added selectively to meet reliability and safety

requirements. A functional block diagram of the astrionics system is shown in

Figure 2- 92,

The characteristics of the astrionics system are summarized in Table 2-108.

Three computer units and three input/output controller units communicate with the

other astrionics units over a triple redundant data bus. The dual redundant rf
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Figure 2-92. Astrionics Functional System for Program 3 Tug
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Table 2-108. Program 3 Tug Astrionics System Characteristics

SUBSYSTEM

DATAMANAGEMENT

REDUNDANCY
TRIPLE

SI MPLEX

DEVELOPMENT
STATUS

I N DEVELOPMENT

I N DEVELOPMENT

CHARACTERI STICS

65K MEMORY, DATA BUS

TAPERECORDER

GUIDANCE& TRIPLE (INITIAL) SPACESHUTTLE CAROUSELSS
NAVIGATION GIMBALED IMU

DUAL(FINAL) IN DEVELOPMENT ELECTROSTATICGYRO

FLIGHTCONTROL DUAL NEW HYDRAULIC

GUIDANCEUPDATE DUAL IN DEVELOPMENT LEVELI AUTONOMY
STAR SENSOR& HORIZON
SENSOR

RENDEZVOUS& DUAL IN DEVELOPMENT LASERRADAR
DOCKING(FINAL ONLY)

COMMUNICATIONS DUAL MOD. ERTS USB (NASA), TUG/GROUND,
TUG/PAYLOAD

FLTSATCOM(MOD.) SGLS(DOD) SECURE,TUG/
GROUND,TUG/PAYLOAD

INSTRUMENTATION TRIPLE FOR SAFETY NEW USES DATABUS
CRITICAL

ELECTRICAL POWER DUALFORSAFETY MOD. SHUTTLE FUELCELL, EMERGENCY
CRITICAL (INITIAL) BAI-rERY, BOOSTPUMP

NEW(FINAL) BATTERY

POWERDISTRIBUTION DUALFOR SAFETY NEW SOLID STATE& HYBRID,
& CONTROL CRITICAL BOOSTPUMP INVERTERS

communications units provide for Tug/Shuttle or ground communications for the

initial vehicle. The final vehicle also has communications equipment to provide a

Tug/payload rf communications link. The tape recorder unit stores formatted telem-

etry data to be communicated to the ground and can also be used to store data required

at preplanned times during the mission. The forward and aft power cont_eol units pro-

vide for electrical power distribution and switching. They also provide the interface

with the emergency battery, the boost pump battery, and the boost pump inverters.

Horizon and star sensor units are used to update the inertial measurement unit data

for long-term accuracy. Dual redundant laser radar units used on only the final

vehicle provide a capability for autonomous payload rendezvous and docking. The

fuel cell is the primary source of electrical power for the vehicle. The sequence

control unit and the servo control unit provide the interface for command and control

outputs from the central computer to the vehicle systems. They also provide an

interface for instrumentation data required as an input to the computer. The inertial

measurement unit for the initial vehicle is a triple redundant configuration of gimbaled

units. The final vehicle has dual redundant strapdown inertial measurement units.

The IMU phasing provides a lower astrionics weight, thereby increasing performance,

Propulsion -- The propulsion system for Program 3 consists of a main propulsion

system used for all axial AV requirements above 100 ft/sec (30.5 m/sec) and the
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attitude control propulsion system (ACPS)used for attitude maneuvers and axial AVs

below 100 ft/sec (30.5 m/sec).

Main Propulsion -- The main propulsion system is similar to the Program 1 main

propulsion system shown in Figure 2 61. The RL-10 Cat I engine was selected

since it has the lowest DDT&E cost and could meet the performance requirements for

both initial and final vehicles. The Cat I engine is a Centaur Pratt & Whitney RL-10A-

3-3 engine requalified for the Tug operating and life requirements, including the

following:

a. Lower engine inlet pressures during cooldown and engine starting.

b. Modified cooldown sequence and conditions.

c. Tug feed system compatibility. Demonstrate that the engines perform to speci-

fications with the Tug propellant feed system including feed ducts, and boost

pumps.

d. Increased mixture ratio -- the tank mixture ratio must be 5.4 or higher to meet

the Tug length constraint for the retrieval mission; consequently, the engines

used in Program 3 final must operate at MR = 5.4. The initial Tugs will be

off-loaded to MR = 5.0 for increased performance (higher Isp).

ACPS -- The hydrazine ACPS for Program 3 is different from Programs 1 and 2 only

in the areas of pressurization and propellant storage. Due to the requirement to

perform all axial AV for the final vehicle retrieval mission with the ACPS, since RL-10

Cat I engines have no idle mode capability, the increase in N2H 4 storage capacity from

800 lb to more than 1300 lb resulted in the selection of a large N2H 4 bottle size to re-

duce the number required. A modification of the bottle used on the Transtage was uti-

lized for both the initial and final vehicles. The initial vehicles use two bottles with a

total capacity approximately 30% in excess of the estimated requirement. For the final

vehicle a third bottle is added, which yields a 25% excess capability. A single 3.8 ft 3

helium bottle is adequate for both vehicles. A general system schematic for the

hydrazine ACPS is presented in Section 2.2.4.2.

Interfaces -- The Program 3 Tugs have the same general characteristics as the

Program 1 and 2 Tugs previously described. In the initial Tug the payload is sep-

arated by actuation of pyro pin puller type latches. In the final Tug a square frame

docking mechanism and two-position latches are phased in to permit payload retrieval.

A more detailed discussion of the Tug/Orbiter interface is presented in Section 2.5.3.

Kick Stage -- The kick stage configuration used with the Program 3 Tugs for certain

planetary missions is identical with the Program 1 kick stage shown in Figure 2-62.
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2.4.3.3 Mass Properties. Weights for the initial Program 3 Tug are presented in

Table 2-109 and weights for the final vehicle in Table 2-110. The weight statements

are for synchronous equatorial missions, deployment for the initial vehicle and

retrieval for the final vehicle. The configuration was sized for the final retrieval

mission and is off-loaded for the initial deployment mission.

The maximum synchronous deployment capability for the initial vehicle is 5183 lb

{2351 kg), which is 1683 lb (763.4 kg) over the 3500 lb (1588 kg) minimum require-

ment. The final vehicle has a maximum synchronous retrieval capability of 2514 lb

(1140 kg), which exceeds the minimum requirement of 2200 lb (998 kg).

Weights, centers of gravity, and moment of inertia data for several flight conditions

are presented in Table 2-111 for the initial vehicle and Table 2-112 for the final

vehicle. Since propellants are dumped during orbiter powered flight, the longitudinal

centers of gravity are within the orbiter limit for unpowered atmospheric flight.

2.4.3.4 Reliability. Redundancy was designed into the Program 3 Tug to allow attain-

ment of a mission reliability of 0.97 for a baseline mission of 117 hours. The redun-

dancy levels for each of the major subsystems and the resulting reliability are sum-

marized in Table 2-113 for the initial vehicle and in Table 2-114 for the final vehicle.

As indicated in these tables, all subsystems are essentially dual redundant. The

exceptions are the data management subsystem, which is triply redundant, and the
APS subsystem, which is fail/operational/fail-operational in several modes. Note

that in Program 3I triply redundant IMUs are also used. This was due to the relatively

low MTBFs associated with gimbaled IMUs. Program 3F utilizes strapdown IMUs,

which are considered to be inherently more reliable than the gimbaled systems. The

resulting reliabilities (without kick stage) are 0. 973 for Program 3I and 0. 971 for

Program 3F. For kick stage missions, the Tug operates for only 24 hours. The

reliability for Tugs 3I and 3F for this short mission is > 0.99. When the reliability

of the kick stage is coupled with Tug reliability, the overall kick stage mission is

>0.97 for both Programs 3I and 3F. (The kick stage package is a non-complex

system similar to that used on the Pioneer G mission. )

2.4.3.5 Performance. Figure 2-93 shows the payload weight capability for the

Program 3 Tugs for each applicable mission mode. The curves are all based on a

due-east Shuttle launch, except for the deployment curve labeled polar. The Shuttle

is assumed to have a payload weight capability of 65,000 lb (29,492 kg) due east and

36,000 lb (16,334 kg) polar, to the nominal 160 n.mi, (296 km) Tug staging orbit.

The curves are based on a six-burn flight profile such as the synchronous equatorial

deployment or sortie mission, except for the expendable Tug curve, which is based on

three burns. The performance of both the initial and final vehicles exceeds the

requirements.
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Table 2-109. Program 3I Baseline Tug Weight Summary
{Synch. Eq. Max. PayloadDeployment Mission)

St ruc ttl rt's

Body Structure

l.'uel Tank & Supports

Oxidizer Tank & Supports

Thrust St vuctm-e

Equipment Mounting Structures

Meteoroid St ructuve

Interface for P/I, & Shuttle

l'mhilicals

1 ' rolml s ion

Main l':n;4inc (ME) Asscml)ly

?,IE Actuation & Suppoct

ACI'S & Support

l )l'cssurizntiOn

Fill, Vent a Drain (Incl. Feed)

Purge System

lh'opella nt ?dana _cmcnt

Thermal Cont col

Fuel Tank Insulation

Oxidizer Tank Insulation

Purge System

Radiators (Incl. Fluid Loop,

tleaters. Coatings)

Avionics

Rendezvous & Docking

Data Management

Flight Controls

Guidance & Navigation

Guidance Update

Power

Power Conversion & Distribution

Instrumentation

Communication

STAGE DRY WEIG|IT

Contingency

TOTAL DRY WEIGHT

NON-USABLE FLUIDS

Trapped Propellants - Main

Trapped Propellants - ACPS

Trapped Gases

Trapped Helium

Propellant Leakage

Propellant Reserves - Main

Propellant Reserves - ACPS

Propellant Utilization

Trapped Water

BURNOUT WEIGHT

L B

(2375)

1216

535

35-t

24

90

123

3:1

(1376)

293

_2

392

3 l

2O

(107)

s5

.10

200

_2

(1171)

1(;5

5O

135

51

,t02

266

it0

42

5329

533

5862

(781)

98

19

318

4

262

73

7

6643

KG

(1077.3)

551.6

242.7

160.6

10.9

40.8

55.7

15.0

62,1.2)

132.9

37.2

177.8

24O. ,q

9. 1

26.3

lS.I. 6)

as.i;

lS.I

90.7

37.2

531. l)

74.8

22.7

61.2

23. 1

182.3

120.7

27.2

19. 1

2417.2

241.8

2659.0

(354.3)

44.5

8.6

144.2

1.8

118.9

33.1

3.2

3013.3

LB KG

NON-IMPULSIVE EXPENDABLES ( 477) ( 216.4)

ME Chilldown 144 65.3

ME Leakage .....

ME Shutdown 144 51.7

Pressurants - Main .....

Pressurants - ACPS .....

Fuel Cell Reactants 73 an. 1

Fuel Line Chilldown 16 7.3

(}as (;eneratot ......

Thermal Control Fluids .....

P, oiloff Vented 130 59.0

PIIOPELLANTS (50547) (22928.1)

*Main Engine (49820) (22598.3)

Main l'ropellant - Fuel 8303 3766.2

Main Propellant - Oxidizer 41517 18832.1

Attitude Control Propellants 727 329,8

*FIRST I(;NITION \VEIGIIT 57667 26157.8

SIIUTT1,E INTEIIFACE (2150) ( 975.2)

.\CC( )M M( )D.\ TIONS

Adapter Structure

Supports 567 257.2

Attachment Fittings 104 47.2

Deployment Mechanism 206 93.4

Propellant IAnes, Umbilieals,

Tankage Fill, Drain, Dump 178 80.7

l)ump l'ressurization 625 283.5

System

Avionics Interface

Shuttle/Payload In Bay 160 73.6

Mission Specialist Station 310 140.6

Bay Purge (In Dump Pressurization)

(,ases .....

Bottles .....

Payload Auxiliary Support .....

STAGE PAYLOAD (MAX. (5183) (2351o0)

C APABILITY)

Payload 5183 2351, 0

Payload Adapter ......

(Part of Payload)

AUXILIARY STAGE ( ---) ( ---)

TOTAL WEIGtIT IN SHUTTLE 65000 29484.0

*Mass Fraction = Main Engine Propellants = 0.864

First Ignition Weight
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Table 2-110. Program 3F Baseline Tug Weight Summary
(Synch. Eq. Max. PayloadRetrieval Mission)

LB KG

Structures (2452) (1112.3)

Body Structure 1216 551.6

Fuel Tank & Supports 535 242.7

Oxidizer Tank & Supports 354 160.6

Thrust Structure 24 10.9

Fquipment Mounting Structures 90 40.8

Meteoroid Structure .....

lntert,_ee for 1)/1. & Shuttle 200 90.7

I _ml)ilic:lt s 33 15.0

i,rol,ulsion (15_8) (720.3)

Main [,:agine (Mi':) Assembly 293. 1:12.9

ME Actuation & Support 88 39.',)

ACI'S & Support 598 271.2

Pressurization .....

Fill, Vent & Drain (Incl. l.'ecd) 531 240.9

Purge System 20 9. 1

Propellant Management 58 26.3

Thermal Control (411) (186.4)

Fuel Tank Insulation 85 38.6

Oxidizer Tank Insulation 40 18.1

Purge System 200 90.7

Radiators (Incl. Fluid Loop, 86 39.0

Heaters, Coatings)

Avionics (984) (446.3)

Rendezvous & Docking 60 27.2

Data Management 165 74.8

Flight Controls 50 22.7

Guidance & Navigation 30 13.6

Guidance Update 51 23.1

Power 216 98.0

Power Conversion & Distribution 266 120.7

Instrumentation 60 27.2

Communication 86 39.0

STA(;F DRY WEll;lIT 5435 2465.3

t !ontin gency 543 246.3

TOTAL DRY WEIGiIT 5978 2711.6

NON-USABLE FLUIDS (834) (378.3)

Trapped Propellants - Main 98 44.5

Trapped Propellants - ACPS 32 14.5

Trapped Gases 318 144.2

Trapped tlelium 8 3.6

Propellant Leakage .....

Propellant Reserves - Main 252 114.3

Propellant Reserves - ACPS 119 54.0

Propenant Utilization .....

Trapped Water 7 3.2

BURNOUT WEIGHT 6812 3089.9

LB

NON-IMPULSIVE EXPENDABLES ( 481)

ME Chilldown 144

ME Leakage --

ME Shutdown 114

Pressurants - M,ain --

Pressurants - ACI'S --

Fuel Cell Reactants 77

Fuel IAne Chllhlown 16

Gas Generator --

Thermal ('ontrol Fluids --

Bollolf Vented 130

I'ROi'ELLANTS (55557)

*Main Engine (54364)

Main Propellant - Fuel 8494

Main Propellant - Oxidizer 45870

Attitude Control Propellants 1193

*Fn/ST IGNITION WEIGItT 62850

SIIU'F'I'I.E INTERFACE (2150)

ACCOMMODATIONS

Adpater Structure

Supports 567

Attachment Fittings 104

Deployment Mechanism 206

Propellant Lines, Umbilieals, 178

Tankage Fill, Drain, Dump

Dump Pressurization 625

System

' Avionics Interface

Shuttle/Payload in Bay 160

Mission Specialist Station 310

Bay Purge (In Dump Pressurization)

Gases --

Bottles --

Payload Auxiliary Support --

**STAGE PAYLOAD (MAX. (2514)

CAPABILITY)

Payload 2514

Payload Adapter ---

(Part of Payload)

AUXILIARY STAGE ( ---)

TOTAL WEIGHT IN SHUTTLE 65000

KG

(218,2)

65,3

51.7

34.9

7.3

59.0

(25200.7)

(24659.5)

3852.9

20806.6

541.2

28508.8

975.2)

257.2

47.2

93.4

80.7

283.5

72.6

140.6

_~_

1140.4)

1140.4

_~-

( ---)

29484.0

*Mass Fraction = Main En[[ine Pro[mllanta = 0. 865

First Ignition Weight

** Non-add (Retrieval payload)
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Table 2-111. Program 3I Baseline Tug Centers of Gravity and Momentsof Inertia

Z o

X o 582.0 IN X o 1302.0 IN.

1478.3 CM 3307.1 CM

ADAPTER t ,/_

I P/L. TUG . I /

4oo.o,N
,o18oCM_ -_ :.,"

I

Xo 882.85 IN.
2242.4 CM

CONDITION

Xo 582.85 IN. Xo 1300.0 IN.
]480.4 CM 3302.0 CM

WEIGHT

LB (KD)

W

WITHOUT PAYLOAD:

VEHICLE FULL OF PROPELLANT 64355

INSIDE SHUTTLE PAYLOAD BAY (29191)

VEHICLE FULL OF PROPELLANT 62205

SEPARATED FROM SHUTTLE (28216)

VEHICLE EMPTY OF PROPEL LANTS 8795

INSIDE SHUTTLE (3989)

NOTE: RIGHT SIDE LOOKING

FORWARD IS Y+

WITH 3500LB(15786KG) PAYLOAD:

VEHICLE FULL OF PROPELLANT 64355

INSIDE SHUTTLE PAYLOAD BAY (29191)

VEHICLE FULL OF PROPELLANT 62205

SEPARATED FROM SHUTTLE (28216)

VEHICLE EMPTY OF PROPELLANTS 12293

INSIDE SHUTTLE (5576)

CENTER OF GRAVITY

SHUTTLE STATIONS MOMENT OF INERTIA

INCH (CM) SLUG-FT 2 (KG-METER 2)

X Y Z IXX Iyy IZZ

1129.8 1.2 4004 10498 125781 124890

(2860.7) (3.0) (10170) (14023) (168021) (166831)

1130.2 !.0 4004 7757 97053 96375

(2870.7) (2.5) (1017.0) (10362) (129645) (128740)

1080.0 38 402.9 9782 51442 50170

(2743.2) (97) (1023.4) (13067) (68717) (67018)

1110.4 1.2 400.4 13558 240305 239414

(2820.4) (3.0) (1017.0) (18111) (321004) (319814)

1110.0 1.0 400.1 10816 211590 210912

(2819.4) (2.5) (10t6.3) (14448) (282646) (281740)

981.2 2.7 402.1 ]285] 125702 12433

(2192.2) (6.9) (1021,3) H7171) (165214} (163518)

Table 2-112. Program 3F Baseline Tug Centers of Gravity and Moments of Inertia

Z o

Xo

CONDITION

WITHOUT PAYLOAD:

VEHICLE FULL OF PROPELLANT

INSIDE SHUTTLE PAYLOAD BAY

VEHICLE FULL OF PROPELLANT

SEPARATED FROM SHUTTLE

VEHICLE EMPTY OF PROPELLANTS

INSIDE SHUTTLE

WITH 3500 LB (1578.6 KG) PAYLOAD:

VEHICLE FULL OF PROPELLANT

INSIDE SHUTTLE PAYLOAD BAY

VEHICLE FULL OF PROPELLANT

SEPARATED FROM SHUTTLE

VEHICLE EMPTY OF PROPELLANTS

INSIDE SHUTTLE

Xo 582.0 IN. Xo 1302.0 IN.
1478.3 CM 3307.1 CM

ADAPTER l ,_"_

I PJL TDO\I//,/

lO16.oCM---C -_ :-,-_
I

X o 882.88 IN. I2242.4 CM

582.85 IN. Xo 1300.0 IN,

1480.4 CM 3302.0 CM

NOTE: RIGHT SIDE LOOKING

FORWARD IS Y+

WEIGHT j
LB (KG)

W

65000

(29184)

62850

(28509)

8962

(4065)

65000

(29484)

82850

(28500)

12462

(5653)

CENTER OF GRAVITY

SHUTTLE STATIONS

INCH (CM)

X

MOMENT OF INERTIA

SLUG.FT 2 (KG-METER 2)

Ixx Iyy IzzY Z

1128.8 0.5 400.4 11155 134900 134593

(2867.2) (I.3) (1017.0) (15124) (182900) (182484)

1129.1 0.3 400.1 8408 106180 106084

(2867.9) (0.8) (1016.3) (11400) (143961) (143831)

1075.0 2.0 402.5 9948 59225 58298

(2730.5) (5.1) (1022.4) (13188) (80298) (79012)

1109.5 0.5 400.4 14214 219230 248924

(2818.1) (1.3) (1017.0) (19272) (337911) (337496)

1109.1 0.5 400.1 11108 220506 220410

(2817.1) (0.8) (1016.3) (15549) (298966) (298836)

978.9 ].5 401.8 13013 129919 129021

(2486.4) (3_) (1020.6) (17643) (176187) (171929)
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T_ble 2-113. Program 3 Initial Redundancy Summary

SUBSYSTEM/COMPONENT REDUNDANCYLEVEL A WEIGHT/LB

DATAMANAGEMENT
COMPUTER
I/0 CONTROLLER

GUI DANCE& NAVIGATION
INERTIAL MEASUREMENTUNIT (GIMBALED)

GUI DANCEUPDATE
HORIZON SENSOR

ELECTRICAL POWER
FUELCELL

COMMUNICATIONS
ANTENNAS
COMMAND DECODER
RECEIVER/TRANSMITTER

MAIN ENGINE SUPPORT
VENTVALVES
FILL& DRAIN
ZERO G VENTSUBSYSTEM

ATTITUDECONTROLPROPULSION
ENGINEMODULES
ACPS SUPPORT

TRI PLE
TRI PLE

TRI PLE

TWOOUTOF FOUR

DUAL

DUAL
DUAL
DUAL

DUAL
DUAL
DUAL

THREEOUTOF FOUR
DUAUQUAD

60
8

90

]4

128

4'

20

19
70

PREDICTEDRELIABILITY (II/HR. BASELINE M ISSION) : 0.9730 409

INCLUDED IN SAFETY WEIGHTS

Table 2-114. Program 3 Final Redundancy Summary

SUBSYSTEM/COMPONENT REDUNDANCYLEVEL z_WEIGHT/LB

DATA MANAGEMENT
COMPUTER
I/0 CONTROLLER

GUIDANCE& NAVIGATION
I NERTIAL MEASUREMENTUNIT (STRAPDOWN)

GUIDANCEUPDATE
HORIZON SENSORHEAD

ELECTR ICAL POWER
FUELCELL

COMMUNICATIONS
ANTENNAS
COMMAND DECODER
RECEIVERITRANSMI1]ER

MAIN ENGINE SUPPORT
VENTVALVES
FILL & DRAIN VALVES
ZEROG VENT SUBSYSTEM

ATTITUDECONTROLPROPULSION
ENGINEMODULES
ACPS SUPPORT

TRI PLE
TRI PLE

DUAL

TWOOUTOFFOUR

DUAL

DUAL
DUAL
DUAL

DUAL
DUAL
DUAL

THREEOUTOF FOUR
DUAL/OUAD

60
8

15

14

35

z'o

19
70

PREDICTEDRELIABILITY(]17 HR. BASELINE MISSION) = 0.9/10 241

" INCLUDED IN SAFETY WEIGHTS
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Figure 2-93. Program 3 Tug Performance Capability,

Payload Capability Versus Delta Velocity

For illustration, planetary missions that require a velocity package and an extended

Tug, respectively, appear on the graphs. All of the missions in the mission model

can be done by this Tug, in one of the flight modes shown on the chart.

The synchronous equatorial mission performance is summarized in Table 2-115.

sensitivity of payload weight to burnout weight and specific impulse is also shown.

These derivatives are based on a fixed-size Tug.

The

2.4.3.6 Mission Accomplishment. Tug flights for deployment, retrieval, and round

trip missions are identified for each year and for the total model in Table 2-116.

Tug flights are subdivided into deployment flight modes: deployment of 1, 2, or 3

payloads during a single flight of a reusable Tug; deployment of a single (planetary)

payload with an expended velocity package and a reusable Tug flight; and deployment

of a single, planetary payload by an expended Tug. Only a single retrieval flight

mode is possible, no payloads up/one payload down. Two types of round trip flight

modes are used with Program 3: one payload up/one payload down and two payloads
up/one payload down.
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Table 2-115. Program 3 Tug Synchronous Equatorial Mission Performance

DEPLOY RETRIEVE ROUND TRIP

INITIAL FINAL INITIAL FINAL INITIAL FINAL

5183(2351) 4668(211"/) - 2514(1140) 1820(826) 1502(681)

-2.7 -2.7 - -1.6 -1.0 -1.0

PAYLOAD, LB (KG)

a (PAYLOAD)

a (BURNOUT WT)

(3 (PAY LOAD)

a (Isp)
91 92 - 61 37 37

Table 2-116. Program 3 Tug Mission Model Flight Summary

NUMBER OF TUG FLIGHTS DURING YEAR
TUG FLIGHT MODE TOTAL

80 81 82 83 84 85 86 87 88 89 90

DEPLOYMENT

1 PAYLOAD WITH TUG RETURN 3 9 10 13 11 8 7 11 7 10 11 100

2 PAYLOADS WITH TUG RETURN 0 4 6 14 1 4 1 5 4 5 1 45

3 PAYLOADS WITH TUG RETURN 0 2 0 2 2 1 1 1 1 2 2 14

TUG RETURN + VEL. PACKAGE" 0 0 2 0 2 0 1 2 0 0 0 7

EXPENDED TUG 0 0 0 0 2 0 3 1 0 3 1 10

TOTAL

RETRIEVAL

(0 PAYLOAD UP - 1 PAYLOAD DN)

3 15 18 29 18 13 13 20 12 20 15 176

0 0 0 0 11 9 12 9 9 8 12 70

ROUND TRIP

1 PAYLOAD UP/1 PAYLOAD DN 0 0 0 1 14 14 16 10 16 10 14 95

2 PAYLOADS UP/1 PAYLOAD DN 0 0 0 0 0 2 0 2 0 2 0 6

TOTAL 0 0 0 1 14 16 16 12 16 12 14 101

TOTAL TUG/SHUTTLE FLIGHTS 3 15 18 30 43 38 41 41 37 40 41 347

2,560-LB (1161 KG) VELOCITY PACKAGE (EXPENDED)
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Over the total mission model, 176Tug flights are used to deploy payloads; 100of
these are single payload flights by a reusable Tug, on 45 Tug flights two payloads
are deployed,and there are 14 flights where three payloads are deployedon a single
reusable Tug flight. Sevenflights are accomplishedwith velocity packages, and
10expendedTug flights are required. There are 70 retrieval missions and 101
round trip Tug flights. Ninety-five of the round trips carry onepayload up/one
payload down, and six round trip flights carry two payloads up/one payload down.

The entire mission model (356deploymentpayloads, 171retrieval payloads) is
accomplishedusing 347 Tug andShuttle flights. Sinceno Tug-to-Tug or velocity
package-to-Tug on-orbit assemblies are required, the number of TUgand Shuttle
flights is identical. The flight summary reflects the Shuttle availability for Tug
flights of three in 1980and a maximum of 21 during 1981.

Tables 2-117 and 2-118 show the mission accomplishmentcapability of the Program
3 TUgfor NASAand DODpayloads, respectively. These tables show Tug traffic
by mission destination (synchronousequatorial, other ETR launch orbits, and
planetary) andlaunch site (ETR and WTR), and payloads traffic by launch site and
deployment/retrieval. Traffic by the year andfor the total model is shown.

Table 2-117. Program 3 TUgMission Accomplishment of NASAMissions

YEAR

ITEM 80 81 82 83 84 85 86 87 88 89 90 TOTAL

SYNC. EQ. TUG SHUTTLE/FLIGHTS 3

ETR OTHER ORBIT FLIGHTS 0

PLANETARY TUG SHUTTLE/FLIGHTS 0 0

ETR TUG/SHUTTLE FLIGHTS 3 9

WTR TUG/SHUTTLE FLIGHTS - -

TOTAL TUG/SHUTTLE FLIGHTS 3 9

VELOCITY PKG.*EXPENDED / ETR 0 0
TUGS EXPENDED _ ONLY 0 0

ETR P/L DEPLOYED 3 16

WTR P/L DEPLOYED - -

TOTAL P/L DEPLOYED 3 16

ETR P/L RETRIEVED - -

WTR P/L RETRIEVED - -

TOTAL P/L RETRIEVED - -

ETR P/L DEPLOYED AND RETRIEVED 3 16

WTR P/L DEPLOYED AND RETRIEVED - -

TOTAL P/L DEPLOYED AND RETRIEVED 3 16

7 6

2 1

2

9

9

10 13 18 12 13 12 13 13 120

1 2 1 3 2 2 1 4 19

0 6 0 4 3 0 5 1 21

11 21 19 19 18 14 19 18 160

4 4 6 4 6 4 5 4 37

15 25 25 23 24 18 24 22 197

2 0 2 0 1 0 0 0 0 7

0 0 2 0 3 1 0 3 1 10

12 15 15 14 14 20 14 16 13 152

- 8 2 8 2 4 2 10 2 38

12 23 17 22 16 24 16 26 15 190

- - 10 11 9 4 6 7 10 57

- - 4 6 4 6 4 2 4 30

- - 14 17 13 10 10 9 14 87

12 15 25 25 23 24 20 23 23 209

- 8 6 14 6 10 6 12 6 68

12 23 31 39 29 34 26 35 29 277

* 2560 LB (1161 KG) SLOW BURN GRAIN, p. = 0.9, SPIN STABILIZED
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Table 2-118. Program 3 Tug Mission Accomplishment of DOD Missions

YEAR

ITEM 80 81 82 83 84 85 86 87 88 89 90 TOTAL

SYNC. EO. TUG SHUTTLE/FLIGHTS 0 3

ETR OTHER ORBIT FLIGHTS 0 3

PLANETARY TUG SHUTTLE/FLIGHTS - -

ETR TUG/SHUTTLE FLIGHTS 0 6

WTR TUG/SHUTTLE FLIGHTS - -

TOTAL TUG/SHUTTLE FLIGHTS 0 6

VELOCITY PKG. EXPENDED I ETR - -

TUGS EXPENDED i ONLY - -

ETR P/L DEPLOYED 0 7

WTR P/L DEPLOYED - -

TOTAL P/L DEPLOYED 0 7

ETR P/L RETRIEVED - -

WTR P/L RETRIEVED - -

TOTAL P/L RETRIEVED - -

ETR P/L DEPLOYED AND RETRIEVED 0 7

WTR P/L DEPLOYED AND RETRIEVED - -

TOTAL P/L DEPLOYED AND RETRIEVED 0 7

3 4 9 6 5 9 7 8 11 65

6 7 8 5 8 6 10 4 7 64

9 11 17 11 13 15 17 12 18 129

- 4 1 2 5 2 2 4 1 21

9 15 18 13 18 17 19 16 19 150

12 17 17 12 11 13 16 11 16 132

- 8 3 3 5 4 2 6 3 34

12 25 20 15 16 17 18 17 19 166

- 0 11 7 11 10 13 8 12 72

- 1 0 1 4 1 2 3 0 12

- 1 11 8 15 11 15 11 12 84

12 17 28 19 22 23 29 19 28 204

- 9 3 4 9 5 4 9 3 46

12 26 31 23 31 28 33 28 31 250

2.4.3.7 Operations. Operations, both ground and flight, were a special emphasis

area and are summarized in Section 2.5.2 and discussed in detail in Volume 6 of Ref-

erence 6. This section presents the major operational characteristics that vary be-

tween programs.

Flight Operations -- Flight operations is a significant area since it has been a major

operational cost driver in current space programs. To achieve the goal of low opera-

tions cost for the Space Transportation System, the Tug flight operations costs must

be reduced.

Flight operations is concerned with those activities and procedures involved in accom-

plishing the actual Tug flight. With respect to cost it includes the flight monitor and

control accomplished from the ground or the Orbiter, necessary preflight mission

planning and post-flight evaluation, and all required software both ground and airborne.

An autonomy level trade, summarized in Tables 2-119 and 2-120, indicated that the

selected level I autonomy was the lowest cost approach both from a development and

operations cost standpoint.

The flight operations cost for Program 3 are summarized in Tables 2-121 and 2-122.

The DDT& E cost for flight support software is the development cost for the ground and
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Table 2-119. Program 3I Cost of Autonomy

AUTONOMY LEVEL

CHANGES

AWEIGHT ACOST ($M)

LB (KG) DOT&E PRODUCTION OPERATIONS TOTAL

LEVEL I TO LEVEL II

LEVEL I TO LEVEL III

LEVEL I TO LEVEL IV

+23 (10.4) +1.6 +0.4 0.0 +2.0

-3 (1.4) +2.1 -1.5 +1.8" +2.4*

-3 (1.4) +3.4 -1.5 +3.6* +5.5"

'_NETWORK COSTS ARE IN ADDITION TO THESE COSTS.

Table '2-] 20. Program 3F Cost of Autonomy

AUTONOMY LEVEL &WEIGHT ACOST ($M)

CHANGES LB (KG) DDT&E PRODUCTION OPERATIONS TOTAL

LEVEL II (INTERIM)

TO LEVEL II (FINAL)

LEVEL III (INTERIM)

TO LEVEL IV (FINAL)

LEVEL IV (INTERIM)

TO LEVEL IV (FINAL)

0 0.0 0.0 0.0 0.0

+35 (15.9) +8.0 +4.2 +3.5* +15.7"

+35 (15.9) 8.0 +4.2 +5.5* +17.7"

*NETWORK COSTS ARE IN ADDITION TO THESE COSTS.

Table 2-121. Program 3I Flight Operations Cost Summary

NASA

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

DDT&E

COST ($M)

18.8

EQUIVALENT

MAN-YR.

470

OPERATIONS

COST ($M)

1.6

8.9

0.3

11.3

EQUIVALENT

MAN-YR.

40

220

8

283

553TOTAL

DOD

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

TOTAL

18.8 470 22.1

1.4

8.7

0.2

10.9

21.2

35

218

5

272

530
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Table 2-122. Program 3F Flight Operations Cost Summary

NASA

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

DDT& E

COST ($M)

1.9

EQUIVALENT

MAN-YR.

48

OPERATIONS

COST ($M)

5.7

14.0

1.3

17.2

EQUIVALENT

MAN-YR.

142

350

33

430

955TOTAL

DOD

MISSION PLANNING

FLIGHT CONTROL

FLIGHT EVALUATION

FLIGHT SUPPORT SOFTWARE

TOTAL

1.9 48 38.2

4.4

8.9

1.0

9.5

23.8

110

222

25

238

595

37,000/F LT.

36 :_N/YR.

$85198,000/F LT.

OR
MEN/YR.

airborne (Tug and Orbiter) software for the synchronous equatorial mission. The

Tug software developed during DDT&E consists of 10 modules with a total of 46,400

words for the initial vehicle and three additional modules with a total of 7900 words

for the final vehicle. The software costs in operations consist of the changes required

for nonsynchronous missions (6200 words per mission) and the changes required

for each flight (550 words). DOD must develop 10 mission packages during the initial

program and no mission packages during the final program. NASA must develop

10 mission packages during the initial program and five mission packages during

the final program. The number of flight packages required, based on the Program 3

mission capture data, is 36 (initial) and 161 (final) for NASA and 30 (initial) and

120 (final) for DOD.

The flight operations cost per flight for the final vehicle is significantly less than

for the initial vehicle since most of the mission packages are developed for the initial

vehicle.
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Ground Operations -- Ground operations encompass those Tug vehicle-related tasks

accomplished after Orbiter landing to make the Tug ready for lfftoffagain. Ground

operations analyses of the Program 3 Tugs indicated a turnaround cycle of 265.5

working hours for the initialNASA Tug and 271 hours for the finalNASA Tug. DOD

Tugs using secure communications require an additional 11 working hours. As launch

rates increase, particularly at KSC, two, and sometimes three Tugs at a time will be

undergoing differentphases of the ground turnaround cycle concurrently. To accom-

modate these concurrent operations, the ground turnaround crew will be augmented

with additionaldirect support, engineering, and administrative personnel, resulting

in the crew sizes shown in Table 2-123. Launch rates at WTR never increase to the

point where crew augmentation is required.

Minimum active fleet size :is also a direct function of launch rates. In an ongoing

mature operating system, a single Tug can make a complete launch-flight-ground

turnaround-launch cycle in approximately 24 calendar days during Program 3I and

28 calendar days during Program 3F, or 12 launches per year maximum. Thus, the

minimum active fleet size for each launch site is established as shown in Table 2-123.

At KSC, there is also a total of 10 expendable missions as shown, which makes a

total requirement of 15 Tugs. In addition, attrition losses at 1% of the total missions

must be accounted for. This adds three additional vehicles, resulting in a total fleet

buy of 18 Tugs for this program.

Table 2-123. Program 3 Tug Crew Size and Minimum Active Fleet

Size Versus Annual Launch Rate

TUG

FLIGHTS

GROUND

TURN-

AROUND

CREW

KSC*

WTR

TOTAL

"EXPENDABLE FLIGHTS

KSC

WTR

TOTAL

MINIMUM ACTIVE FLEET

ACTIVE

FLEET

REQMT.

KSC

KSC EXP.

WTR

SUBTOTAL

ATTRITION

TOTAL BUY

CALENDAR YEAR
TOTAL

80 81 82 83 84 85 86 87 88 89 90

3 15 17 22 38 30 32 33 31 31 36 289

8 5 8 9 8 6 9 5 58

3 15 18 30 43 38 41 41 37 40 41 347

(2) (3) (1) (3) (1) (10)

107 107 113 113 139 129 129 129 129 129 129

63 63 63 63 63 63 63 63

107 107 113 176 202 192 192 192 192 192 192

1 2 2 2 4 3 3 3 3 3

2 3 1 3

1 1 1 2 1 1 1

1 2 2 3 7 4 7 5 4 7

3 4

1 10

1 1

5 15

3

18
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Once total fleet buy requirements have been established at 18 Tugs, fleet delivery
requirements, disposition, and utilization can be examined as shown in Table 2-124.

Tugs are delivered to KSC unless noted with WTR in the Tug Number column. Need

dates are initially based on site activation and/or test flight requirements for the first

two vehicles at KSC and the first vehicle at WTR. After that, need dates are derived

from delivery capability on a reasonable production schedule with Tug completions

set at six-month centers for Program 3I Tugs, and then four-month centers for

Program 3F.

As vehicles are delivered to the launch sites they are phased into the active fleet to

obtain relatively even usage on all vehicles as indicated by the total flights per Tug

shown in the last column. Expendable Tugs thus accumulate a number of flights before

being expended in the years indicated. For the utilization plan shown here for

Program 3, Tug 3I is delivered to KSC, flies 17 missions, and is then put in storage

two years before being used on an expendable mission in 1986. The initial Tugs, lI

through 4I are used for the early expendable missions since they have adequate capa-

bility and this precludes the requirement to expend final version Tugs with little or no
usage.

Table 2-124. Program 3 Tug Fleet Requirement and Utilization

Vi HICLE SCHEDULING

TUG NO. [ NEED ! DELIVERY
DATE , DATE DISPOSITION

i _ SEP. 78 SEP. 78

21 i JAN. 79 JAN. 79

3i JUN. 80 JUN. 80
i

4; (WTR8_) DEC. 80 DEC. 80
!

5F i JUN. 82 JAN. 82
I

6F I SEP. 82 AUG. 82
I

7F WTR I DEC. 82 DEC. 82
I

8F / APR. 83 APR. 83
i

9F [ AUG. 83 AUG. 83

10F j DEC. 83 DEC. 83

11 F l APR. 84 APR. 84
i

12F AUG. 84 AUG. 84

13F WTR DEC. 84 DEC. 84

14F APR. 85 APR. 85

15F AUG. 85 AUG. 85

16F DEC. 85 DEC. 85

17F WTR APR. 86 APR. 86

18F AUG. 86 AUG. 86

CALENDAR YEAR

80 I81 I82 83 84 85 86

EXPENDED 1 4 5 8 i °

IEXPENDED 1 4 5 7 1"

IEXPENDED 1 4 5 7 S S 1"

EXPENDED 3 3 '8WTR S S 1"

EXPENDED '_ 7 7 5°

EXPENDED | 7 6 5

EXPENDED 5 3 4

EXPENDED 6 3

EXPENDED 5 3

EXPENDED 5 3

INVENTORY 4 3

INVENTORY 4 2

;NVENTORY 5

INVENTORY 2

INVENTORY 1

INVENTORY

INVENTORY

INVENTORY

TOTAL FLIGHTS 3 15 18 30 43 38

ACTIVE. FLEET 3 4 4 4 9(2E) 11

YEAR EXPENDED

_TRANSFER LAUNCH SITE

S STORAGE

87

I

2*

2

2 3

3 4

2 3

2 3

2 3

3 4

3 3

2 4

2 3

1 4

41 41

16(3E 13 1E

88

l

1

3

4

3

3

2

3

4

4

4

2

4

37

12

TOTAL

89 I 90

i

FLIGHTS

19

18

18

15

t I 119
! 20

P q

4" [ i 19

3* 1 20

1" i 20

1 3* 20
I

2 4 I 21

, 4 3 20

13 ,i,8
I

3 6 t 22

5 6 22

4 7 21

6 4 17

,I' '1
1

12(3E) 911E)
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The maintenancefacility proposedfor Program 3 is existing Hangar J at KSCto
eliminate the high developmentcost of anall-new facility. Hangar J has sufficient
floor space to accommodate,a two-bay Tug maintenancestand. The mezzanine area
is adequatefor administration and engineering offices. First floor area may also be
used for adapter and main engine service areas. Level II shops are assumedto be
commonwith Orbiter and for existing base facilities.

2.4.3.8 Program Plans. This section summarizes the test, manufacture, and

facility plans for Program 3 Tug. The general approach is similar to that previously

discussed for Programs 1 and 2. This section also shows the major activities, key

dates, and the integrated schedule for the development, procurement, and operational

phases of the program.

Ground and Flight Test Plans -- Table 2-125 shows a summary of all major ground

tests including test activity, test site, and test articles; test costs are also shown for

each activity for procurement under both NASA and DOD guidelines. These costs are

for laboratory, development, and qualification testing of all components and all major

subsystem/system test articles. These costs include all test hardware, test personnel,

test equipment, and test fixtures. The same number and type of test articles are used

Table 2- 125. Program 3 Ground Test Program

TEST ACTIVITY

INTERIM CONFIGURATION

COMPONENT TESTS

PROPULSION TESTS

STRUCTURAL TESTS
LIFE CYCLE TESTS

DEPLOYMENT ADAPTER

ASTRIONICS SYSTEMS

THERMAL VACUUM

REUSABILITY EVALUATION

LAUNCH SITE VALIDATION

TEST

SITE

CONVAIR

LABS
P&W (E-8)

MSFC (4550)

MSFC (4557)
CONVAIR

I CONVAIR
I JSC, KSC

LeRC (B2)
LeRC (B2)

ETR

WTR

TEST

ARTICLE

PR EPRODUCTION

ENG, FEED SYS.
STV

FTV

PROTOTYPE

ASTRIONICS
MODULE

F-2 FLT. ART.
F-2 FLT. ART.

F-1 FLT. ART.

F-X FLT.ART.

TOTAL GROUND TEST COST - INTERIM ($M)

FINAL CONFIGURATION

COMPONENT TESTS
PROPULSION TESTS

LIFE CYCLE

ASTRIONICS SYSTEMS

THERMAL VACUUM

LAUNCH SITE REMALIDATtON

P&W (E-6)

MSFC (4557)

CONVAI RJSC, KSC

ETR

WTR

FTV

ASTRIONICSMODULE

F-1 FLT. ART.
F-X FLT. ART.

TOTAL GROUND TEST COST - FINAL ($M)

GRAND TOTAL GROUND TEST COST ($M)

TOTAL COST ($M)

(INCLUDING TEST
ARTICLE}

NASA DOD

11.8 13.1

3.5 4.0
4.5 4.5

5.9 5.9

1.7 1.7

5.4 5.5

1.0 1.0

1.5

2.6 2.6

2.6 2.6

39.0 42.4

3.6 3.6

1.4 1.6

1.0 1.0

5.0 5.0

1.0 0.1

0.6 0.6

0.6 0.6

13.2 12.5

52.2 54.9

REMARKS

ALTITUDE CHAMBER REQ.INCL. FUNCTIONAL TESTS

EXT. OF THERMAL-VACUUM

REVISED INSULATION TESTED

UPDATED ASTRIONICS

ASTRIONICS MOO. ONLY FOR DOD
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in both NASAand DODprograms. The significant differences for DOD are greater

emphasis on formal demonstration of refurbishment/reuse for the interim configura-

tion, and an astrionics module only test for the final configuration (for NASA, a

thermal vacuum test is performed on a new vehicle since this maximizes mission

accomplishment; for DOD a Tug is removed from service and retrofitted with the final

configuration astrionics module after the module has been through thermal vacuum

testing}.

The objective of the flight test program is to show that the mission reliability goal of

>0.97, Tug attrition goal of >0.99, and multi-mission/economics/reuse goals of the

Tug program are attainable. Flight testing will demonstrate the validity of ground

test environments, loads, and tests as well as imposing the effects of zero-g and other

effects not satisfactorily demonstrated in ground testing. Each flight test mission

will be divided into phases, during which various Space Tug operating modes are

tested. The differences in NASA and DOD procurement approaches to flight test are

summarized in Table 2-126. In the NASA approach, it appears to be cost effective,

technically feasible, and relatively low risk to place operational payloads into low

performance orbits on the initial Tug flights. The remaining vehicle performance is

utilized for developmental flight testing into progressively higher risk operating

regimes. Under the DOD fly-before-buy concept, performance and reusability must

Table 2-126. Program 3 Flight Test Program

NASA PROCUREMENT APPROACH I ODD PROCUREMENT APPROACH

• NO "DEDICATED" FLIGHT TEST VEHICLE

• R&D INSTRUMENTATION OF FIRST FLIGHT VEHICLE

• OPERATIONAL MISSION ACCOMPLISHED WITH

FIRST FLIGHT

• ENGINEERING DATA "PIGGYBACKED"

• ADDITIONAL FLIGHTS WITH R&D INSTRUMENTATION

• SAME APPROACH AS FOR INTERIM

• PERFORM PAYLOAD RETRIEVAL FIRST

MISSION WITH CONSERVATIVE ENVELOPE

INTERIM CONFIGURATION

=TWO PROTOTYPE FLIGHT TEST VEHICLES REQUIRED

• DDT&E VEHICLE WITH R&D INSTRUMENTATION (F-2)

• OT&E VEHICLE - NO R&D INSTRUMENTATION (F-l)

=FLIGHT TEST 1 (DDT&E FLT. USING F-l)

• FLIGHT TEST 2 (IOT&E FLT. USING F-l)

• FLIGHT TEST 3 (DDT&E FLT. USING F-2)

<>
DSARC III (INTERIM CONFIG,)

eOT&E PROGRAM (OT&E FLT. USING F-1 & F-2)

• CONTINUED OPERATIONAL TEST & EVALUATION

• APPROX. 9-MO. PROGRAM (16 FLIGHTS)

FINAL CONFIGURATION

cONE PROTOTYPE FLT. TEST VEHICLE REQUIRED

• F-2 INTERIM FLT. TEST VEHICLE CONVERTED TO FINAL CONF

• REPLACE ASTRIONICS MODULE

• REPLACE INSULATION

• MODIFY ENGINES

• FLIGHT TEST 1 (DDT&E FLIGHT)

• DEMONSTRATES RETRIEVAL MODE

• FLIGHT TEST 2 (IOT&E FLIGHT)

DSARC III (FINAL CONFIG.)

• OT&E PROGRAM USING F-2 VEH ICLE
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be demonstrated prior to a production decision (DSARC HI milestone); Initial

Operational Test and Evaluation (IOT&E) should also be performed by the planned

user agency prior to DSARC III. Two prototype flight test vehicles are required to

satisfy these requirements -- one with R&D instrumentation to support Development

Test and Evaluation (DT&E), and one in operational configuration to support IOT&E.

Following the OT&E flights, the two flight test vehicles would be refurbished/updated

and released into the operational fleet inventory. The operational configuration is

also used for the flight test program of the final configurations.

Manufacturing Plan -- The manufacturing plan provides for the orderly development

of tooling, fabrication of detail hardware, subassembly, and test and checkout of the

test and flight hardware. The plan and assembly flow sequence are generally similar

to those for Programs 1 and 2.

The manufacturing plan includes general manufacturing indentures required to achieve

the progressive build-up from the component level. Based on proven tooling and

manufacturing schedules, the structural test article would be available at 25 months,

the dynamic test article at 27 months, and the first flight vehicle at 35 months after

program go-ahead for the interim configuration. Tooling changes between interim and

final configuration are relatively minor.

Test and Manufacturing Facilities -- In concert with the low development cost approach

of Program 3, emphasis is on existing and operating facilities for manufacturing and

testing. No size, weight or material limitations exist that preclude the use of existing

private or government-owned industrial facilities. For test facilities, the only question

is the most cost effective use of them; important factors are the operating costs of

competing facilities versus the cost of reactivating facilities that have been mothballed

or are deactivated between the interim and final configuration.

Program Schedule -- Figure 2-94 shows the summary program schedule for Program

3. The interim configuration shows go-ahead in September 1975, a 4-1/4 year devel-

opment phase, and initial operational capability (IOC) at first flight in December 1979.

The final configuration shows IOC in December 1983. There are two major ground

test vehicles for the DDT&E phase of the interim configuration, i.e., the structural

test vehicle (STV) for structural loads testing and the dynamic test vehicle (DTV) for

life-cycle evaluations including cryogenic tanking tests. These tests will be ready to

start testing by late 1977, and testing will be complete by late 1978/early 1979. Flight

vehicles 1 and 2 (F-1 and F-2), the first production vehicles, are assembled in parallel

with the structural testing program; however, these tests are complete prior to

initiation of preflight testing. Any updates as a result of these tests would have to be

accomplished on each of the vehicles prior to first flight.

The first production vehicle of the interim configuration (F-l) is delivered to the flight

site some 15 months prior to first flight. During this period it will verify vehicle/

facility functional compatibility, procedures, and operations required for the initial
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Figure 2-94. Program 3 Schedule, NASA Format

flight. It also serves as continued training for vehicle post-flight safing, refurbish-

ment, and servicing operations. This Tug would then be updated as required and be

ready to support flights subsequent to IOC. The second production vehicle is scheduled

for the initial flight (IOC) but will undergo environmental testing in a thermal vacuum

chamber prior to the delivery to the flight site. The initial post-flight turnaround

activities are scheduled for three months to ensure adequate contingency time as may

be needed for these activities. The combined turnaround and preflight activity will

reduce to a nominal period of 3.2 weeks after approximately 12 flights.

The third and fourth interim configurations would be delivered six months and one year

after IOC to support the Tug mission model including expended and attrition vehicle

requirements. A total of four interim Tugs is required in the operational vehicle

inventory to satisfy the Tug flight mission model from 1979 through 1983.

The first of the final configurations (5F) is completed in mid-1982, and after com-

pleting site validation and environmental testing, its IOC is December 1983. Fourteen

final configurations are produced on approximate four-month centers.

In the DOD approach to procurement, the basic development of the interim configuration

is the same as the DOD approach described under Program 1. The development

2-195



approachfor the evolvedconfiguration differs from that used in the DODProgram 2,

inasmuch as one of the interim flight test vehicles is modified to the final Tug con-

figuration and used in two development flights to demonstrate performance, reuse,

and refurbishment of the evolved Tug. The full-scale development (FSD) program is

completed in an interim and final phase, followed by a DSARC Review after each

phase. The initial DSARC and subsequent production release would constrain initial

fabrication of the interim Tug hardware. The latter DSARC need only constrain the

start of vehicle primary assembly since the evolved subsystems do not impact vehicle

assembly prior to this point. Eighteen Tugs are produced to meet the inventory

requirements and satisfy the Tug flight model as shown. There are 13 full-capability

production vehicles, two interim production vehicles, two interim flight test vehicles,

and one interim pre-production type Tug built during DT&E to support OT&E flights

and assure fulfillment of the Tug flight model prior to the full production capability

in late 1983. These interim vehicles will be consumed on early expendable-Tug flight

missions rather than be updated to full-Tug capability. The pacing elements of interim

Tug development are the same as for Progz_am 1, while for the evolved Tug they are

similar but less critical than that described under Program 2.

2.4.3.9 Program Cost. Program 3 cost estimates were developed according to the

NASA Work Breakdown Structure and the ground rules and assumptions previously

stated in Section 2.4.1.9. A total program cost summary is shown in Table 2-127.

Table 2-127.

W0 RK BREA KD OWN SIR UCTU RE

Program 3 Initial/Final Tug Cost Summary

01 PROJECT MANAGEMENT

02 SYSTEMS ENGINEERING & INTEGRATION

03 VEHICLE

TUG

NASA PROGRAM COSTS _'

INVESTMENT OPERATIONS LIFECYCLE

0.1/0.6 8.0/5.6

0.7/38 22.7/28.713 2'3.4 8.8/21.5

120 435.9 57.4/1400 4.0/22.8 181.8/198.7

DOD PROGRAM COSTS =

DDT&E INVESTMENT OPERATIONS LIFE CYCLE

8.1/2.0 1.0/3.2 0.1t0.6 9.215.8

16.6,4.1 0.2/20.2 0.7/3.8 23.5/28.1

152.2/35.9 39.2/131.4 4.0/22.8 195.4/190.1

7.El 4.4/3.5 0.7/3.1 12.7/6.6

1.7/ 0.7/1.7 2.411.7

4.9/ 1.8/0.7 3.6/7.4 10.3/8.1

0.6/ 4.1/0.5 1.0/2.8 5.7/3.3

24.9/0.4 9.7/ 1.0/2.8 35.6/3.2

28.2/13.4 28.2/13.4

2.0/14.0 2.0/14.0

13.9/24.9 13.9/24.9

22.1/38.3 22,1/38.3

19.0/1.9 21.2/23,8 40.2/25.7

0.7/5.3 0.7/5.3

7.2/21.1 7.2/21.1

ORBITER INTERFACE

04 AUXILIARY STAGE

05 LOGISTICS

06 FACILITIES

07 GROUND SUPPORT EQUIPMENT

08 VEHICLE TEST

09 LAUNCH OPERATIONS WTR

10 LAUNCH OPERATIONS - ETR

11 FLIGHT OPERATIONS NASA

12 FLIGHT OPERATIONS - ODD

13 REFURBISHMENT & INTEGRATION WTR

14 REFURBISHMENT & INTEGRATION ETR

TOTAL

7.0I 4.4/3.5

13/

';8/ 1.8/0.7

06/ 4.1/0.5

24 9/0.4 9.7/

16 7/4.8

_9.0/1.9

0.7/3.1 12.7/6.6

0.7/1.7 2.4/1.7

3.6/7.4 10.2/8.1

1.0/2.8 5.7/3.3

1.0/2.8 35.6/3.2

16.7/4.8

2.0/14.0 2.0) 14.0

13.9/24.9 13.9/24.9

22.1/38.3 41.1/40.2

21.2/23.8 21.2/23.8

0.7/5.3 0.7/5.3

1.2/21.1 7.2/21.1

215.4/48.0 87.0/169.0 78.9/172.4 381.9/390.0 263.8/57.7 66.4/159.5 78.9/172.4 409.11389.5

MII lIONS OF 1973 DOLLARS.
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Table 2-128. Program 3 Tug Vehicle
DDT&E Cost

DOT&E COST ($M)

WBS ELEMENT INTERIM FINAL

STRUCTURE 29.1 2.9

MAIN ENGINE 13.0 0,1

MAIN ENGINE SUPPORT 10.6 -

ACPSSYSTEM 7.5 1.0

PROPULSION 31.1 1,1

DATA MANAGEMENT 9.3 1.7

GN&C 11.6 14.9

COMMUNICATIONS 3.9 8.1

INSTRUMENTATION 1.5 0.1

ELECTRICAL POWER SOURCE 4.7 4.5

POWER DISTR,& CONTROL 6.9 1,0

AVIONICS 37.9 30.3

INSULATION 9.7 0.2

CONTROL 1.2 0.1

THERMAL CONTROL 10.9 0.3

INST. ASSEMBLY AND CHECKOUT 11.4 1.3

TOTAL VEHICLE ]20.4 35.9

Because DDT&E costs are particularly

important (due to their early funding re-

quirements) and because Tug vehicle costs

represent the largest portion of DDT&E,

a Tug vehicle DDT&E cost summary is

shown in Table 2-128. This Tug vehicle

has a theoretical first trait (TFU) cost of

$10.6M for the interim stage and $11.8M

for the final version, not including the

Orbiter interface equipment required for

each Shuttle/Tug flight. A breakdown of

the average Tug cost-per-flight is shown

in Table 2-129 for each flight mode (re-

usable, expendable, and reusable with

velocity package). The costs of the three

modes differ very little except for the

hardware expended (kick stages or expended

Tug). The cost-per-flight for the initial

vehicle is higher than the final vehicle

primarily because of the mission peculiar

software that is developed during the interim

operation and is therefore averaged over

fewer flights.

Figure 2-95 shows the annual funding requirements for Program 3. The DDT&E,

production, and development costs are indicated for both the initial and final vehicles.

Table 2-129.

LAUNCH OPERATIONS

MAI NTENANCE& REFURBI SHMENT

GROUND OPERATIONSTOTAL

FLIGHT OPERATION

OPERATIONS SUPPORT

EXPENDEDHARDWARE

TOTAL AVERAGE COST/FLI GHT

MODE 1 - REUSABLE TUG ONLY

MODE 2 - EXPENDABLE TUG

Program 3 Cost Per Flight

COST ($MI LLION)

MoDE MODE

1 2 3 1 2 1
I

O.24 0. 14 0. 14 0. 14

O.19 O.19 O.18 O.18

O.43 O.43 O.32 O.32

0.61 0.61 0.24 0.24

0.10 0.10 0.06 0.06

0 O.34 0 11.22

1.14 1.49 O.62 11.84

31 3F

MODE 3 - REUSABLE TUG & VELOCITY PACKAGE

3

0. 14

0. 18

0. 32

0. 24

0.06

0. 34

0. 96
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Figure 2-95. Program 3 Annual Funding

There are two major peaks in the phased program. The first occurs in 197 8 with the

development and production overlap for the initial vehicle. The second peak occurs in

1985 due to a similar overlap for the final vehicle.

2.4.3.10 Program Risk. A risk assessment was accomplished for both the initial

and final Program 3 vehicles. The approach was identical to that used for Programs

i and 2 and discussed in Sections 2.4.1.10 and 2.4.2.10, The results are presented

in Figures 2-96 and 2-97 for the initial and final vehicles respectively.

For Program 3 Initial, schedule is considered to be the most vulnerable item --

followed by ground operations, structures, astrionics, and cost. The items of least

concern are subsystem weights and propulsion performance because of large margins

and off-the-shelf propulsion systems. Safety is also rated a low risk because potential

hazards have been overcome by designing-in adequate solutions. For Program 3

Final, there are no items of major concern since most of them will be proven in the

initial program. There are only two items of any consequence -- weight confidence

and the technical performance of the rendezvous and docking astrionics system, and

excess payload capability provides a reasonable weight growth for all subsystems.

2.4.3.11 Sensitivity Studies. The major sensitivity studies conducted on Program 3

were IOC date and performance level of the final Tug.

IOC Sensitivity -- The effect of a two-year extension of the Interim and Final IOC

dates without an accompanying delay or slippage in the program start date (ATP at
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Figure 2-96. Program 3 InitialRisk Assessment
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Figure 2-97. Program 3 Final Risk Assessment
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10/75) was investigated. The schedule impact of this IOC option is shownin Figure
2-98. This type of program would greatly reduce the potential of schedule risk with
the interim IOC attainment. Ample contingency time would be provided for critical
event evaluations before proceeding too far with activities that shouldbe constrained
by suchevents.

This program extensionwould also reduce the early years funding requirements as
reflected by a later PDRand start of detail fabrication andtend to lower the total pro-
gram peak funding rate. Manufacturing andtooling activities would function on a one-
shift basis. Start of initial tooling and material and hardware procurement could be
initiated after PDR rather than before. Another feature not enjoyed on the shorter
baseline program is the availability of astrionics and software integration prior to the
initial interim flight vehicle delivery.

The funding spread for this delayed IOC program is shownin Figure 2-99 alongwith
the baseline. With the sameATP date, delaying the IOC two years reduces the initial
peak from $]03M in 1978to $72M in 1980and reduces the secondpeak from $74M in
1984to $57M in 1986.

Performance Level - A major sensitivity study that was performed on Program 3 was

defining the configuration and programmatic impacts of obtaining at least 3500 lb

retrieval capability in the final vehicle. This is a 1000 lb retrieval payload increase

over the baseline final vehicle capability. This increase could not be obtained with

structural design or material changes; consequently, the selected approach was to use

an RL-10 Cat IIB engine for the final vehicle. This engine has an Isp of 461 at a

Figure 2-98. Program 3 Extended Development Schedule
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Figure 2-99. Extended Program 3 Funding Spread

mixture ratio of 5.4:1. In addition to the higher Isp the Cat IIB engine has idle mode

thrust that was used for certain low-thrust maneuvers, e.g., midcourse corrections,

thus reducing the ACS propellant requirements.

The vehicle was resized for the new engine yielding the weights and performance as

shown in Table 2-]30 in comparison with the baseline. The main propellant quantity

is increased, resulting in slight increases in structure and thermal subsystem weights.

The increased propellant is a result of the lower dry weight and decreases in ACS pro-

pellant and engine related losses. Since the initial vehicle of the phased program is

sized to the final vehicle size, the initial vehicle of this alternate program is dff/_rent

than the initial vehicle of the baseline program.

The program schedule for the initial vehicle in this alternate program is the same as

the initial baseline since the vehicles are identical except for a small difference in

size. The development program for the final vehicle is the same as the baseline ex-

cept for the main engine development. In the baseline there is no engine development

associated with the final vehicle while in the alternate program, the RL-10 Cat IIB

engine must be developed.

Table 2-130. Performance Level Sensitivity Comparison

ITEM, LB (KG)

STRUCTURE
PROPULSION

THERMAL CONT

ASTRIONICS

GROSSDRY WEIGHT

BURNOUT WEIGHT

USABLEPROPELLANT

DEPLOY PAYLOAD

RETRIEVAL PAYLOAD

BASELINE

INITIAL FINAL

2375 (1077) 2452 (1112)
1376 (624) 1588 (720)

407 (185) 411 (186)

1171 (531) 984 (446)

5862 (2659) 5978 (2712)

6643 (3013) 6812 (3090)

49826 (22598) 54364 (24659

5183 (2351) 4668 (2117)

- 2514 (1140)

ALTERNATE

INITIAL FINAL

2395 (1086) 2472 (1121)

1376 (624) 1500 (680)

410 (186) 415 (188)

1171 (531) 984 (446)

5888 (2671) 5908 (2680)

6695 (3037) 6676 (3028)

49905 (22637) 55701 (25266)

5046 (2289) 7049 (3197)

- 4435 (2012)

2-201



The program cost characteristics are presented in Figure 2-100. The development

costs of the initial vehicles in both the baseline and alternate program are essentially

the same since the vehicles differ only in slight difference in tankage size. The

greater phasing development cost of the alternate program is a result primarily of the

different engine.

1,200
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PROGRAM
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Figure 2-100. Alternate Program 3 Costs

2.4.3.12 Program Update. Subsequent to the data dump the Program 3 configurations

were updated. The changes made in the update included incorporating the results of

additional analyses and recommendations made by the government.

Table 2-131 identifies the changes incorporated and the rationale for the change. If

the initial or final configuration is not identified_ then the change applies to both con-

figurations. The weight increment from the baseline Program 3 configurations is also

identified. The configuraticms incorporating these changes were resized and the per-

formance computed. Table 2-132 presents a summary weight statement and perform-

ance characteristics for the resizes configurations. The geosynchronous deploy pay-

load of 4974 lb (2256 kg) for the initial configuration represents a 209 lb (95 kg) pay-

load decrease over the baseline Tug. The retrieval performance of 2704 lb (1227 kg)

for the final configuration is a 190 lb (86 kg) increase over the baseline.

The programmatic characteristics of these updated configurations would be essentially

identical with the baseline. A re-examination of the program costs showed that the

changes in cost were negligible. For example, the DDT&E cost of the initial configur-

ation would change by less than $100,000.
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Table 2-131. Configuration Changes for Program 3 Update

AWT

CHANGE RATIONALE LB (KG)

DRY WEIGHT

INCREASE BODY SKIN THICKNESS

INCREASE LH 2 TANK THICKNESS

REVISE ACPS He INSTALLATION

USE 1 ACPS He BOTTLES - (3F)

USE 2 ACPS HYDRAZlNE BOTTLES - (31)

USE3 ACPS HYORAZINE BOTTLES - (3F)

INCREASE ABORT PRESSURIZATION PLUMBING

ADO AOOITIONALHEATERS

PROVIDE ADDITIONAL INSTRUMENTATION TRANDUCERS

INCREASE FILL& DRAIN LINE SIZE

CHANGE PURGE BAG TO TEFLON COATED KAPTON

REVISE TUG/PAYLOAD INTERFACE WEIGHT - (3F)

NON USABLE F LUIGS

DELETE PU LH2 BIAS
DELETE 10% FPR ON ACPS PROPELLANTS - (31)

DELETE 10% FPR ON ACPSPROPELLANTS - (3F)

REDUCE TRAPPED ACPS PROPELLANTS

NON IMPULSE EXPENDABLES

ADJUST MAIN ENGINE LEAKAGE

REVISE START & STOP LOSSES

REVISE FUEL CELL REACTANTS

REVISE FUEL CELL REACTANTS

SHUTTLE INTERFACE ACCOMMODATIONS

INCREASE ADAPTOR STRUCTURE & ORBITER ATTACH

FITTINGS

ADO DUAL DUMP VALVES & DUAL VENT VALVES ON ADAPTOR

INCREASE FILL & DRAIN LINE SIZE ON ADAPTOR

PROVIDE INCREASED STIFFNESS 20 (9.1)

DESIGN PRESSURE INCREASE FOR ABORT DUMP 54 (24)

ADDITIONAL ANALYSES 8 (3.6)

CORRECT DISCREPANCY -138 (-63)

REVISED VENDOR DATA -35 1-16)

REVISED VENDOR DATA -72 (-33)

DETAILED ABORT DUMP ANALYSIS 10 (4.5)

UPDATED THERMAL CONTROL REQUIREMENTS 10 (4.5)

PROVIDE ADDITIONAL DATA FOR REFURBISHMENT 30 (14)

DETAILED ABORT DUMP ANALYSIS 34 (16)

SAFETY - ELIMINATE FIRE HAZARD -29 (-13)

MORE OETALEO ANALYSIS 27 (12)

INCLUDED IN FPR -55 (-25)

NO REQUIREMENT SPECIFIED -73 (+33)

NO REOUIREMENT SPECIFIED -119 {-54)

ADDITIONAL ANALYSES 5 (2,3)

REVISED MAIN ENGINE DATA 22 (10)

REVISED MAIN ENGINE DATA -48 (-22)

UPDATED POWER REQUIREMENTS ANALYSIS -26 (-12)

UPDATED POWER REQUI REMENTS ANALYSIS -37 (-17)

UPDATED STRUCTURAL DESIGN ANALYSIS 169 {76)

SAFETY-PRECLUDEAIRINH2TANK
DETAILED ABORT DUMP ANALYSIS

148 (67)

322 (146)

Table 2-132. Program 3 Baseline Tug Update Weight Summary

INITIAL (31) FINAL (3F)

LB (KG) LB (KG)

STRUCTURE 2438 (1105.9) 2542 (1153.1)

PROPU LSION 1391 (630.9) 1426 (646.8)

THERMAL CONTROL 386 (175.1) 390 (176.9)

AVI ONICS 1200 (544.3) 1013 (459.5)

CONTI NG EN CY 541 (245.4) 537 (243.6)

TOTAL DRY WEIGHT 5956 (2701.6) 5908 (2679.9)

NON-USABLE FLUIDS 395 (179.2) 401 (181.9)

MAI N PROPE L LANT-F PR 257 (116.6) 245 ( 111.6)

BU RN 0 UT WEI G HT 6608 (2997.4) 6555 (2973.4)

NON-IMPU LSE EXPENDABLES 426 (193.2) 420 (190.5)

USABLE MAIN PROPELLANTS 49476 (22442.3) 54044 (24514.4)

USABLE ACPS PROPELLANTS 727 (329.8) 1193 (541.1)

FIRST IGNITION WEIGHT 57237 (25962.7) 62211 (28218.9)

SHUTTLE INTERFACE ACCOMMODATIONS 2789 (1265.1) 2789 (1265.1)

MAX. PAYLOAD (DEPLOYMENT MISSION) 4974 (2256.2) - -

TOTAL WEIGHT IN SHUTTLE 65000 (29484.0) 65000 (29484.0)

MAX. PAYLOAD (RETRIEVAL MISSION) - - 2704 (1226.5)

MASS FRACTION 31 = 0.864 3F = 0.869
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2.5 SPECIAL EMPHASIS

2.5.1 SAFETY. Safety is a major consideration for any reusable upper stage for the

Shuttle. Safety merits special consideration from the time the stage is installed in the

Shuttle until it has separated far enough from the Shuttle to preclude imposing a safety

hazard. During this study, a detailed safety analysis was conducted to identify design,

operational, and interface hazards associated with Tug vehicle operations. This safety

analysis was used to systematically identify potential hazards and to implement design

solutions that will eliminate those hazards. The result has been development of Pro-

gram 1, 2, and 3 Tug designs that are considered to be fully compatible with manned
Shuttle operations.

2.5.1.1 Safety Criteria and Approach. To provide a fundamental set of safety re-

quirements for use in this study, the following general safety criteria were used:

a. No single component failure in the Tug or Tug peripheral equipment shall cause
the loss of the Orbiter or its crew.

b. Structural elements, tanks, and lines are excluded from redundancy require-

ments. Sufficient margins of safety are used in these cases to reduce their

probability of failure to negligible levels. MIL HDBK 505 safety factors used

by the Shuttle are imposed on the Tug while in the Shuttle vicinity, and load

factors and safety margins established for use on the Tug while it is in or near

the Shuttle are consistent with these requirements.

c. Provisions shall be made for Orbiter crew command override capability of Tug
safety critical functions.

d. The Tug shall not preclude Orbiter from intact abort.

The following specific Shuttle payload/Tug safety criteria were also used in the safety
assessment:

a. MSFC -- "Data Package - Space Tug System Studies, Section V, Safety

Criteria," dated April 1973.

b. JSC

Co

-- "Preliminary Hazard Analysis, Space Shuttle Payloads and Payload
Interfaces," dated October 1972.

Ad Hoc Tug Safety Group -- "NASA memo PD-TUG-E (74-46)," dated August 1973.

In addition to the implementation of safety criteria, the safety approach has included

a disciplined and systematic analysis of potential hazards, the identification of design

alternatives that will eliminate/control those hazards, and the actual implementation

of those design approaches into TUg designs (including the consequent cost and per-

formance penalties) as a condition of continued consideration of any Tug candidate.

The principal analytical tools used in conducting the safety analyses were the fault tree

analysis, the mission phase hazard analysis, and the safety criteria checklist.
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2.5.1.2 Fault Tree Analysis. A fault tree analysis was developed early in the Space

Tug Systems Study to systematically identify those hazards associated with the use of

cryogenic propellants in a manned environment. The fault tree used in the identifica-

tion of cryogenic propellant hazards is presented in Figure 2-101. The OR gates in

the fault tree suggest high hazard potential since any one of several lower tier events

can result in a catastrophic event. AND gates, on the other hand, indicate that all

events below the gate must occur before a catastrophic event can occur. AND gates,

therefore, suggest a lower probability of occurrence.

The design features implemented to counter each of the propellant hazards identified in

the fault tree are described in Figure 2-102. The tank outlet valves illustrated in this

figure are used to maintain the propellant lines in an empty condition during the entire

time that the Tug is in the Orbiter payload bay. The outlet valves are not opened until

a safe Tug/Orbiter separation distance has beer_ achieved. Prior to recovery of the

Tug, the outlet valves are closed and the main engine valves are opened. Propellants

in the main propellant lines are allowed to dissipate into space before Orbiter/Tug

engagement. This maintaining of the propellant lines in an empty condition eliminates

the chance of leaking propellant lines/fittings during the time that the Tug is in the pay-

load bay. Each of the main propellant tanks, and its outlet valve, is individually en-

closed in a purge bag. The purge bags are purged with helium and are individually

vented external to the Orbiter. Thus, if a leak should develop in a propellant tank, the

leaking propellant will gassify and will be safely carried overboard. Hydrogen and

oxygen sensors are installed in the vent outlets to provide an indication of a propellant

leak. Dual redundant dump valves are installed on each of the propellant tanks to assure

propellant dump capability in event of an aborted flight. Each of the dump line segments

on the adapter also incorporate parallel dump valves. The result is a series-parallel

dump valve arrangement that protects the Tug against dump valve fail open and fail

closed modes. The oxygen and hydrogen vent valves are arranged in a similar fashion

to assure that the tank venting function is continuously available.

The fuel and oxidizer disconnect panels are physically separated. The fuel and oxidizer

lines passing through these panels incorporate triple seals at the disconnect points. As

a further backup to the seals, the disconnect panels are continuously purged with helium

during atmospheric flight. The purge gases are vented externally to the Orbiter via the

purge bag vent lines.

To assure that hazards associated with propellant leakage are controlled, even in the

presence of multiple failures, the following design/operational modifications were

developed:

a. The Orbiter payload bay will be continually purged with GSE nitrogen starting

with propellant tanking and continuing through Shuttle lift-off. Consequently, if

multiple failures should result in a propellant leak during ground or upflight

operations, the propellant will leak into an inert payload bay atmosphere. Hydra-

zine, hydrogen, and oxygen leak detectors are installed in the payload bay to

detect any propellant leaks.
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Figure 2-102. Propellant Safety Features
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b. No ignition source is present in any Tug equipment exposed to the payload bay

environment.

c. Hydrogen and oxygen fill and drain lines are purged with helium after each use.

d. All components used in the helium purge system are at least dual redundant.

e. On rug retrieval by the Orbiter, the helium contained in the adapter helium

bottles is used to purge the hydrogen tank. This same source is used to re-

pressurize the main propellant tanks prior to entry.

f. The APS hydrazine storage tanks incorporate a burst disk/vent line at the tank

outlet to provide a vent path if propellant decomposition should take place.

2.5.1.3 Mission Hazard Analysis. The mission hazard analysis was conducted to

identify the major hazards associated with each of the principal mission phases, and

identify suitable design features, procedures, operational constraints etc. that will

serve to eliminate or control each of the identified hazards. A summary time line

of the mission phases is shown in Figure 2-103.

@ ® ® ® ®
BOOST TUG FREE RECOVERY/ POST-

O PREFLIGHT _O DEPLOY _O FLIGHT _C ENTRY _C FLIGHT
t =146HR t= 3.gHR t=24HR t=THR t =6.5HR(sAFING)

TO 8.2 HR TO 30 DAYS t=112.5 HR

(TURNAROUND)

Figure 2-103. Mission Phases/Time Line

The results of the hazard analysis are contained in Volume 7 of Reference 6. A list

of residual hazards, and the rationale for their acceptance, is contained in Table

2-133. Residual hazards are defined per NHB 5300.4 (1D) as, "hazards for which

safety or warning devices and/or special procedures have not been developed or pro-

vided for counteracting the hazard." Since virtually all of the hazards identified in

the hazard analysis do, in fact, have suitable controls and countermeasures available,

they are not technically classed as residual hazards. Some hazardous materials, com-

ponents, operations, etc., may, however, be judged to retain a certain inherent danger

even when design and operational controls have been implemented. Included in this

group would be hazards associated with critical flight maneuvers, propellant handling,

use of pyrotechnic devices, etc. The residual hazard summary is intended to reflect
these kinds of hazards.

Each of the residual hazards is classified according to NASA Specification NHB 5300.4

(1D). The "Level" column refers to the hazard level once the described design, pro-

cedural, etc., controls have been implemented. The hazard levels and the correspond-

ing hazard categories are defined in 5300.4(1D) as follows:
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Table 2-133.

....... IFMission

Phases Hazard Level*

1 _ Propellantleakintopayload CN ,

2 I,bay resulting in fire/explo-

3 sive potential.
4

bq. ...........

1

5

1

Tug/Orbiter handling

damage during mating/

handling operations, due

CN

to ground equipment

failure or, more likely,

human error.

.... Th_l)r_s_.nc _ ofpavload'--- q - cA "....
I

propellants will require

interfaces with the "Pug or

Orbiter (vent lines, dump I

lines, etc.) In either case, I'
there is the potential for J

I

leakage and the resulting

hazards to the Tug and
Orbiter.

Compromise of Tug and

Orbiter components as a

result of spilled hydrazine

during loading operations.

Exposure of ground per-

sonnel to caustic materials

and toxic fumes due to

spills/leaks during N2H 4

loading/unloading

operations.

I
CN

I CN

Inadvertent operation of

ordnance units caused by

static discharge, EMI,

lightning, exposure to laser

beam, human error.

I
i CN

*Hazard levels are defined in the text.

Residual Hazard Summary

iiazard Resolution/

Control Actions

Most likely cause of propellant leaks

is failure of lines/fittings. Propellant

tank outlet valves are used to isolate

main propellant lines. A failure of a

tank outlet valve and the structural

failure of the main propellant lines would

be required before a leak into the payload

hay would occur. Purge hags that form

completely independent enclosures for

each of the propellant tanks and lines are

continuously purged with helium gas dur-

ing atmospheric flight.

rherc are no propellants in Tug during

mating/handling operations, tlandling

damage due to ground equipment failure

or human error must be minimized

through implementation of detailed

handling procedures, training and certi-

fication of ground personnel.

-This problem requires resolution by

NASA, to define the payload propellant

safety requirements with respect to

Tug/Shuttle safety requirements,

Rationale For

Retention

Multiple redundant seals,

GN 2 purge of payload hay,

complete isolation of pro-

pellant tanks/lines, and

remote operations reduce

the likelihood of occurrence

to acceptable levels.

Potential for handling han-

dling damage to Tug is
inherent in turnaround

operations. Magnitude of

hazard is greatly minimized

because Tug propellant

tanks are empty.

Requires AF/NASA/con-

tractor coordinated resolu-

tion to assure that payload

safety requirements are

consistent with overall

Tug/Shuttle safety require-

ments.

In event of hydrazine spills, it would be

pmMent to terminate the countdown and

check all exposed payload/Tug/Orbiter

components for possible damage. De-

contamination oi payload bay would also

be required.

Storable propellants are loaded into Tug

while Tug is on pad. Lines/tanks pres-

sure checked prior to fueling. Hydrazlne

sensors are installed in payload bay to

detect leaks. Protective clothing (in-

cluding breathing apparatus) is used by

' ground crew.

The only ordnance devices presently

anticipated for use on the GD/CA Tug are

the solid rocket motor velocity packages

and payload pyrotechnic pin pullers. The

ordnance will have all pins shorted to

I ground during all ground operations. All

connectors will be checked to assure no

voltage prior to mating. Twisted,

shielded pairs shall be used to minimize

chance of induced voltage. An arm/safe

switch, normally operable only by the

flight crew, will be used to interlock the

ordnance circuit.

Dual and triple seals for all

fittings and a prefill leak

check reduce the likelihood

of occurrence to acceptable
levels.

Dual and triple seals for all

fittings, a prefill leak check,

and the comparatively small

quantity of fluid Involved

reduce this likelihood of

occurrence to acceptable

levels.

Solid rocket motor and pin-

puller sating are considered

to be state of the art for

manned space operations.

Tug payloads must incor-

porate similar safeguards.
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Table 2-133. Residual Hazard Summary, Contd
....... t ......

Mission I

l'tmses I itazar'J
.... 4-

1 i Fire around "rug or in pay-

5 ! load bay due to multiple

failures in fuel/oxidizer/

hydraulic systems° Most [

! likely to occur as a result [

! of human error during [

relatively nonroutine [

, activity. _

-'--_----_, Meteoroid penetration of the I CN

4 Tug while in payload bay. |

Tug/Orbiter collision due

to tip-off effect at moment

Tug is released from

adapter.

Hazard Resolution/

Level* [ Control Actions

/
CN / Tug cryogenic propellants will be drained

prior to payload changeout. Ground crew

CN

Orbiter damage due to frag- CN

mentation of Tug engine (Orbiter)

turbopumps/boost pumps.

Fragmentation of turbo- CA

pumps/boost pumps will (Tug)

cause Tug loss.

will have capability to switch off all Tug

electrical power. Water flush and cold

gas deluge must be available to isolate

and control pad fires.

The Orbiter and Tug structure and pro-

pellant insulation form effective meteoroid

shields. If meteoroid should penetrate

through main propellant tanks (which

represent the greatest target), the pro-

pellants will harmlessly dissipate into

space.

On raising of Tug to pre-deployment

position, the Tug will be engaged by the

Orbiter manipulator(s). When Tug is

separated from Orbiter, manipulator(s)

will act as an energy buffer.

Tug main engine cannot be started until

the engine start sequence is enabled by

direct command from the Orbiter crew

(via rf link). Orbiter will thus be at a

safe separation distance if turbo

machinery should fail.

Tug enters collision course "-C-N--- Tug return profile places Tug at an orbit

I with Orbiter at TUg return > one-half mile above that of Orbiter.

(due to TUg guidance naviga- When possible, Tug should be tracked by
tion error; human error), ground or Orbiter or beth, to assure that

Tug return flight is along pre-determined

Rationale For

Retention

Sufficient safeguards are

available, in terms of safe

Tug design and operational

procedures, to reduce the
likelihood of occurrence of

this hazard to acceptable

levels.

Chance of meteoroid penetra-

tion of any Tug element is

considered to be remote.

Manipulator operation makes

likelihood of occurrence

i sufficiently low as to make

this an acceptable hazard.

Probability of occurrence is

considered to be sufficiently

remote as to be an acceptable

Tug hazard, i

Orbiter will not be affected

by this failure mode due to

Tug/Orbiter separation

prior to starting Tug engine,

This hazard is inherent in

recoverable Tug operations.

Sufficient tracking of TUg

return trajectory must be

accomplished to assure a

Tug perturbation due to

plume impingement from

Orbiter RCS motor (could

cause rotation of TUg into

Orbiter during critical

deployment or retrieval

maneuver).

Payload propellants may

require dumping, before re-

turn of the Tug and payload

to the Orbiter, to preclude

leakage into the payload bay

and possible hazards to the

Tug and Orbiter

CN

CA

*Hazard levels are defined in text.

path. This will allow Orbiter to modify

tts orbit to avoid a possible collision.

Tug APS system will be activated just

after release of Tug from Orbiter and is

deactivated just prior to engagement of

manipulator. If TUg is subjected to

Orbiter plume impingement, Tug APS will

have the capability of holding the Tug in a

stea?y attitude. .....

[ This problem will require NASA to estab-

lish requirements and procedures for
handling of payload propellants. Prior to

i return of the Tug and payload to the

Orbiter, it must be possible for the

Orbiter to verify payload propellant status

(via the rf link}.

non-collision course.

Fail-ope rati shall fall-s afe

APS system is sufficiently

reliable to assure Tug atti-

tude hold even if perturbed

by Orbiter RCS plume

impingement.

Requires AF/NASA/con-

tractor coordinated resolu-

tion to assure that payload

safety requirements are

consistent with overall Tug/

Shuttle safety requirements.
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Mission

Phase

Table 2-133. Residual Hazard Summary, Contd

llazard

Ingestion of dumped pro-

pellants into payload bay or

Orbiter surface and FPS

damage due to contact with

dumped propellants (occurs

during abort flight orfly).

I)amage to mnnipulato,- and/
or ()rbiter _ ue to use, of

i

manipulator to acceh:,-ate !

Tug at excessive ,ates. {

Kinetic energy of Tug and

Tug residual propellant

could cause loss of Tug I

control. !

*Hazard levels are defined in

l,evel*

CN

Open

the text.

Hazard Resolution/ Rationale For

Control Actions Retention

Propellant dump of both main propellants

is accomplished above 220k ft {60. 1 km).

These propellants will not burn at theseI
altitudes and can be safely dumped simul-

taneousl.v. Any hydroge_ that should enter

the payload bay at altitudes above 220k ft

(00. 1 km) cannot form a combustible mix-

lure (Re(. paxa 3.3.2). Two APS propel-

lants will not be dumped during ,an abort.

Retraction of Tug into payload bay {as well

as depioymcnt of "Pug from payload Imy)
i

must be done very slowly to avoid impart-

ing undue kinetic energy to the Tug/Tug

propellants. It ma3 be necessary to em-

tploy a rate limiter.

Active and passive means

available to prevent a com-

bustible mixture in the pay-

load bay. Contact of Orbiter

surface with 02 or H2 gas at
altitudes above 110 k ft

(33.5 kin) will not harm

Orbiter.

Orbiter requirements should

be expanded to include a rate

limiter on the manipulator(s),

The capability of a single

manipulator arm to retract

the Tug into the Orbiter

should also be verified.

"Hazard Levels -- A hazard whereby environment, personnel error, design character-

istics, procedural deficiencies, or subsystem malfunction may result in loss of per-

sonnel capability or loss of system shall be categorized as follows:

a. Catastrop_h!c (C_A_) - No time or means are available for corrective action.

b. Critical (CR) - May be counteracted by emergency action performed in a timely
marine r,

c. Controlled (CN) - Has been counteracted by appropriate design, safety devices,

alarm/caution and warning devices, or special automatic/manual procedures."

2.5.1.4 Safety Criteria C:heckiists. All safety criteria contained in Tug Require-

ments Document dated April 1973, and those derived from the Ad Hoc Safety Group,

have been complied with insofar as it is possible to determine during Phase A design.

In addition to the above safety criteria, criteria from the JSC safety criteria for Orbiter

payloads were also used in evaluating Tug designs. The complete MSFC, JSC and Ad

Hoc safety criteria, and resolutions to each criterion, are contained in Volume 7 of

Reference 6. Table 2-134 presents the applicable Ad Hoc safety criteria and their
resolutions.
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Table 2-134. Tug Safety Criteria, Ad HocTug Group

CRITERION RESOLUTION

Commonbulkheaddesignimplementationshouldbe
selectedor rejectedon the basisof sensitivitytrades.

Crashlandingloadfactors mustbe appliedto all Tug
systemsthat cangeneratea hazardto the Orbiter.

Draincapabilityshouldbe basedon a sensitivitytrade
relativeto dumptimes(30-minute nominaldesired)with
the Orbiter onthe launchpad or on its landinggear.Any
Tug stagesthat may havepropellants on boardwhile in
the horizontalpositionduringany missionphase(abort,
pre-launch,post-launch,etc.) shouldhavehorizontal
dump capability.

Common pressurizationsourcefor storablebipropellant
tanksshouldbe selectedor rejectedon the basisof sen-
sitivity trades.

Pressurestabilizedtanksmay be usedfor Tugsonly if
it can be demonstratedthat lossof pressurizationwill
not present a hazardto the Orbiter.

Common bulkheaddesignsare not usedon any of the

GD/CA STSSTug candidates.

Tug structure,main tanks,latches,attachfittings, etc.

havebeensizedto take all flight loadsup to and in-
cludingcrashlanding.

Tug main propellant fill anddrainlineshavesufficient
capacityto allow propellantdrainwithin 30 minutes.
Main propellantsare neverpresent on boardwhile the
Orbiter ison its landinggear.APS propellantsmay be
dumpedin eitherthe horizontalor verticalattitude.

The only storablepropellantcarriedisthe monopro-
pellanthydrazineusedin the APS.

Pressurestabilizedtanksare not usedinany of the
GD/CA STSSTug designs.

2.5.1.5 Safety Summary. The main thrust of the GD/CA safety effort has been the

assurance of Tug manned compatibility with the Space Shuttle. Table 2-135 summar-

izes the principal design features that have been incorporated into the STSS Tug de-

signs. The basis for each of the safety features has been the systematic evaluation of

potential hazards through fault tree analyses, mission hazard analyses, and implement-

ation of Shuttle safety criteria.

As indicated in Table 2-135, each of the identified flight hazards has been countered

by a specific design feature. The additional weight required to incorporate these safety

features is also listed. The Tug weight increase for safety implementation is about

223 pounds. The resulting TUg designs are considered to be fully compatible with

manned Shuttle operations.

2.5.2 OPERATIONS. Flight and ground operations received special emphasis during

the study since it is in those areas that costs must be reduced to meet the Space Trans-

portation System goal of low operating costs. This section will discuss the general

operations characteristics as well as certain selected trade study results. A detailed

discussion of operations is included in Volume 6 of Reference 6.
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Table 2-135. Designed-in Safety

FLIGHTHAZARDS
(FROMFAULTTREEANALYSIS

• PROPELLANTLEAKS
- PROPELLANTTANKLEAKS

-LEAKS IN LINESIFITIINGS

• VENTSYSTEMFAILURE

- VENTVALVESFAIL CLOSED
- VENTVALVESFAIL OPEN

•PREMATURE MAIN ENGINE
OPERATION

TUG/ORBITERCOLLISION

•PREMATURE ACPS OPERATION

•TUG/ORBITERCOLLISION

• INADVERTENTDECOMPOSITION
OF RCS PROPELLANT

•LOSS OF TUG STABILITY
INPAYLOAD BAY

• INABILITYTO CLOSE PAYLOAD
BAY DOORS

DESIGNFEATURES
(ALLTUGCANDIDATES)

•INDEPENDENTCONTAINMENT OF PROPELLANT

•PURGE BAGS INDEPENDENTLYVENTED

•BACKUP CONTAINMENT FITTINGSON ALL
TUG/ORBITER INTERFACES

QUAD VENTVALVES USED FOR EACH PROPELLANT
TANK (NO VENTVALVE FAILURE IN-OPENOR
CLOSED MODE WlLLCOMPROMISE ORB ITER
SAFETY)

•TANK OUTLETVALVES(INDEPENDENTENGINE
ISOLATION& SHUTDOWN CAPABILITY;NO
PROPELLANTSIN LINESDURING ORBITER FLIGHT1

•DUAL COMMUNICATION SYSTEMS

•ACPS ISOLATIONVALVES (INDEPENDENTACPS
ENGINE ISOLATION& SHUTDOWN CAPABILITY)

•OVERBOARD VENTVALVES AT HYDRAZINF TANK
OUTLET

•14OF 16 LATCHES WILL SECURE TUG THROUGH
CRASH LANDING LOADS

•EMERGENCY MANUAL RELEASE(EVA)AVAILABLE
IFTUG HANGS UP INPARTLY DEPLOYED POSITION

27
20

20

AWEIGHT
(LB.)

43"

18

14

20

•PROPELLANT ABORT DUMP •OUAD DUMP VALVES FOR BOTH HYDROGEN 52°
FAILURE ' & OXYGEN TANKS

°TUG WEIGHT ONLY

2.5.2.1 Flight Operations. Flight operations encompasses the procedures and activi-

ties involved in accomplishing a Tug flight and includes any necessary preflight mission

planning and post-flight evaluation. The flight operations cost elements are indicated

in Figure 2-]04.

From liftoff until the Tug is enabled outside the Orbiter, the mission specialist in the

Orbiter is in control using the Tug monitor and control system. The flight controller

on the ground is available to support the mission specialist during this time as commun-

ications permit. The remafnder of the Tug flight to mission orbit and back to the

Shuttle rendezvous orbit is monitored by the ground flight controller. Control is then

transferred back to the mission specialist for docking and system sating and return to

the launch site.

This assignment of responsibility is based on Orbiter safety requirements and the

level I autonomy selected as the lowest cost option for the Tug. The mission specialist's

primary function is to assure the safety of the Orbiter and crew during combined Shuttle/

Tug operations. The selection of level 1 autonomy results in the ground flight controller

monitoring Tug/mission status; the communications link is therefore primarily for in-

formation transfer down. Onboard contingency planning for reasonable payload alterna-

tive action limits the ground uplink to initiation of a pre-programmed alternative mission
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Figure 2-104. Flight Operation Cost Elements

or mission termination. Communication coverage support for NASA missions is shown

in Table 2-136. Maintenance data is recorded onboard the Tug for playback following

landing in support of ground turnaround activity.

Table 2-136, NASA Network Coverage Summary

MISSION COVERAGE (%) MEAN GAP (MIN) MAXIMUM GAP (MIN)

HIGH INCLINATION CIRCULAR 20.4

HIGH INCLINATION NONCIRCULAR 62.7

SYNCHRONOUS EQUATORtAL MISSION 86.1

REFERENCE MISSION D-4 81.7

37.5 118.7

25.4 76.6

7.8 71.5

21.3 147.43
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Flight operations nonrecurring costs are for the developmentof the software on board
the Tug, on the Orbiter to support the Tug, andfor the ground flight control console.
Software developmentincludes analysis of requirements, coding, verification, and
documentation required to provide the Tug with the capability to perform synchronous
equatorial missions for DOD andNASA. Recurring flight operations consist of mission
planning, flight control, flight evaluation, and flight support software for NASAand
DOD. The software charged against recurring cost is the flight peculiar and nonsyn-
chronous mission peculiar software.

Whenthe Tug is in or near the Orbiter the mission specialist uses the Tug Monitor and
Control System (TMACS)to ensure the safety of the Shuttle and crew, verify Tug status
for mission readiness, and control and monitor operations including Tug mission pre-
paration, deployment, separation, docking, sating, andabort.

The baseline TMACSdesign includes all hardware functions necessary to perform these
functions. The actual mechanizationof these requirements may involve integrating the
capabilities of the Orbiter, mission specialist station, payload specialist station, and
special-purpose Tug supplied hardware and software. To ensure the safety of the crew
and Shuttle, the TMACS continuously monitors anddisplays Tug critical safety functions
and provides automatic corrective action sequencesand abort sequenceswhenneces-
sary. A more detailed summary of the TMACSis presented in Section 2.5.3.3.

The Air Force will be the executive agent and missions operating agency for the DOD

and the launch agency at VAFB. NASA will be the executive agent and mission operat-

ing agency for allusers other than DOD and the launch agency at KSC. NASA and DOD

each use both launch sites with vehicle control assumed by the mission operating agency

at start of flightoperations regardless of the launch site. The NASA flightoperations

controller is located at the JSC Houston Operations Management Center (OMC) and

utilizesthe SDTN; the DOD flightoperations controller is located at Sunnyvale STC OMC

and utilizesthe Air Force SCF network.

Two major flight operations trade studies were conducted involving kick stage sizing

and Tug-to-Tug on-orbit assembly versus expending Tugs. The results are summarized

below.

Kick Stage Requirements Analysis -- A study was conducted to identify and recommend

solid-grain kick stages for use with planetary missions. The mission models for the

program definition task eliminated the need for kick stages except for planetary

missions, and ground rules limit the maximum payload load factor to 3.6g. This load

factor limit precludes the use of current technology (CT) solid-grain velocity packages

for many of the planetary missions. Slow burn (SB) grains that will extend burn times

by a factor of three to four times that of current technology grains are under develop-

ment. Thrust levels will be decreased by corresponding factors.
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Kick stages at two mass fractions were investigated: a mass fraction of 0.85 represent-

ative of three-axis stabilized stages, and a mass of 0.90 representative of spin-stabil-

ized stages. An Isp = 290 second was assumed in both cases. Kick stage sizes were

determined for three levels of Tug synchronous equatorial delivery capability (with

Tug return): 3500 lb (1587 kg), 6500 lb (2948 kg) and 9500 lb (4309 kg). Kick stages

with total weights up to 12,000 lb (5443 kg) were assumed to be viable candidates. The

sizing results are listed in Table 2-137 along with maximum allowable thrust levels

and the minimum burn times.

Table 2-137. Velocity Package Sizing Results, Maximum

Thrust and Burn Time

MASS

FRACTION

0.85

0.90

PAYLOAD

3500 LB (1587 KG}

MAX. (1)

WEIGHT WEIGHT THRUST

NASA LB LB 1000 LB

NO. (KG) (KG) (KG)

19 5500 5ooo 22.5
(2495) (2268) (10206)

20 900 4000 5.4

(408) (1814) (2449)

22 2500 F -

(1134)

23 5000 F -

(2268)

24 3300 F -

(1497)

19 5500 4000 21.2

(2495) (1814) (9616)

20 900 2560 4,2

(408) (1161) (1905)

22 2500 F -

(1134)

23 5000 9000 21.2

(2268) (4536) (9616)

24 3300 F -

(1497)

TUG SYNC EQ CAPABILITY

6500 LB (2948 KG)

MIN. MAX. (1)
BURN WEIGHT THRUST

TIME LB 1000 LB

SEC (KG) (KG)

54.8 2840 21.2

(1288) (9662)

182.6 2840 4.8

(1288) (2177)

-- F -

- 6000

(2722)

- F

49.2 1600

(726)

160.0 1600

(726)

- F

21.2

(9616)

• 1 20,4

(9707)

3.8

(1724)

110.7 6000 20.2

(2722 (916.3

- 12000 16.2

(5443) (7348)

F = Failed - Insufficient Performance Capability

(1) Basedon 3.60 Maximum Load Factor

9500 LB (4309 KG)

MIN. MAX. (1) MIN,

BURN WEIGHT THRUST BURN

TIME LB 1000LB TIME

SEC (KG) (KG) SEC

32.8 1820 20.8 21.6

(826) (9435)

146.7 1820 4.2 106.3

(826) (905)

-- F

69.6 4000 20.2 48.9

(1814) (9163)

- 12000 18.4 161.1

(5443) (8246)

20.5 1600 20.4 20.5

(726) (9253)

109.1 1600 3.8 109.1

(726) (1724)

- 8000 11.9 175.6

(3629) (5398)

77.7 4000 19.4 53.7

(1814) (9800)

193.2 6000 14.0 111.6

(2722) (6350)

To minimize stage weight and hardware complexity the 0.90 mass fraction spin-stabilized

configuration was selected. A burn-time screen was then defined to eliminate the speci-

fication of slow burn grains that would require technology advances beyond those currently

visualized and under development. Current technology grain burn times are in the 45 to

50 second area and grain burn times should be increased by three to four times with

slow burn grains. The cutoff for the burn time screen was set at 150 seconds. In

addition, the development of a large slow burn grain for the two payload No. 23 mis-

sions was not considered to be cost effective.
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The velocity packagesthat remained after the aboveconsiderations andtheir applica-
bility to individual NASA payloadnumbers are shownin Table 2-138. The results
have beeninterpolated to include a 4500lb (2041kg) synchronousequatorial capability
Tug. Programs 1and 3 with 5352lb (2428kg) and 5183lb {2351kg) (interim)/4668 lb
(2117kg) (final) payloadto synchronousequatorial orbit use the 2560lb SB velocity
packages. Program 2 with 8276lb (3754kg) of payload to synchronousequatorial orbit
uses the 1600lb (726kg) SB velocity package. If the 3.6g longitudinal acceleration
limit is raised for NASApayload 20, then a CT velocity canbe used. An alternative is
to have NASApayloads 19 and 20 incorporate the required AV into the payload design.
This would eliminate the needfor the Tug program to carry a velocity packagedevelop-
ment in DDT&E.

Table 2-138. RecommendedVelocity Packagesfor Planetary Mission

PAYLOAD TUG SYNC EQCAPABILITY

3500 LB (1587 KG) 4500 LB (2041 KG) 6500 LB (2948 KG) 9500 LB (4309 KG)

WEIGHT WEIGHT
LB (KG) TYPE LB (KG) TYPE

CT CT

WEIGHT
NO. LB (KG)

19 5500
(2495)

20 900
(4O8)

22

23

24

CT =
SB =

2500
1134

5000
(2208)

3300
(1497)

WEIGHT
LB (KG) TYPE

4000 CT
(1814)

NONE* -

t 256O
I (1161)
i

2560 SB

WEIGHT

LB(KG) TYPE

1600 CT

(726)

1600 SB

1600
(726)

1600

NONE

NONE

NONE

(1161)

NONE
t

i
I

I NONE

NONE

(726)

NONE

NONE

NONE

(726)

NONE

6OOO

(2722)

6000
(2722)

SB

SB

SB

CurrentTechnologyGrain (TE 364 Seriesof Grains)
Slow Burn Grain (Approximately 3 Times Burn Time of Current Technology Grains)
No Velocity Packageusedbut Tug Expended

Expend Tug Versus On Orbit Assembly -- Tug-to-Tug on-orbit assembly was used as a

flight mode for high energy missions in the Task 3 mission capture analysis. The high

operational complexity of on-orbit assembly suggested the need to evaluate expending

the Tug to get required performance with low operational complexity. Program costs

associated with high energy missions using Tug on-orbit assembly and expended Tug
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flight modes were developed. An interim Tug and a full capability Tug were chosen

to represent options covering the range of Tug capabilities. Costs were evaluated for

the Concept Selection Meeting mission capture data. Twenty-one on-orbit assemblies

or expended Tugs were required with the interim Tug and 15 for the full capability Tug.

Cost elements included in the analysis are:

Shuttle Flights -- The number of Shuttle flights are identified and costed at the

rate of $10.5M per flight. This is the most significant cost penalty for the on-

orbit assembly flight mode.

TUg Flights -- Costs are divided into ground and flight operations and support,

and refurbishment. Tug life is amortized over an expected life of 40 flights.

Expended Tugs are charged as though they were expended midway through their

expected life. The rendezvous and docking electronics are removed from the

full capability expended TUg reducing the unit cost by $I. 6M. Reductions in

production costs resulting from learning effects are included. The cost for

expending Tugs is the most significant cost penalty for the Tug expended flight
mode.

Tug-Tug Adapter -- On-orbit assembly has DDT&E and investment costs for

Tug-Tug adapter.

Velocity Packages -- Are required by the interim Tug for the on-orbit assembly

flight mode; both investment and operations costs are included.

Tug Failures -- Shuttle and Tug costs for flying missions aborted by Tug failures

(at the rate of 3 failures per 100 flights) are charged to both flight techniques.

Tug losses of i per i00 flights are charged as lost with 50% of their life remain-

ing.

Program costs are $173.7M less for the TUg expended flight mode with the interim Tug.

The full capability program costs are $123M less for the Tug expended flight mode.

The Tug expended mode was selected for the high energy missions during the program

definition task since both program cost and flight operations complexity favor this mode

over on-orbit assembly.

2.5.2.2 Ground Operations. A top level ground operations functional flow is shown

in Figure 2-105. Only the maintenance and checkout tasks are TUg configuration sensi-

tive and these have only a minor impact on turnaround time, ground crew size, and

facility and GSE requirements. A basic turnaround support crew can accomplish turn-

around of any cryogenic TUg configuration within approximately 270 to 285 working

hours. The basic crew size at KSC with two shift operation is 107 while at WTR with

a lower launch rate it is 63. At launch rates over about 20 per year, the KSC crew

must be augmented slightly to accommodate concurrent operations on more than one
Tug.
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Figure 2-105. Ground Turnaround Operations

As indicated in Figure 2-],05, there are several functions constrained by the Orbiter

timeline. These amount to 154 working hours of the total turnaround time of about

270 hours. A significant portion of this time, 95 hours, is a result of the off-pad

loading of the Tug in the Orbiter and is the time between installing the Tug in the

Orbiter and installing the Shuttle on the pad°

A trade study on the sensitivity of program costs to ground turnaround time was con-

ducted; the results are summarized in Section 2.5.4. The results of a trade study to

investigate the feasibility and advantages of installing the Tug at the launch pad are

summarized below,

There is a Shuttle program requirement to provide payload changeout capability at the

launch pad and to accomplish that changeout within 10 working hours at any time up to

T-2 standby condition, Since this capability exists, and the equipment requirements

for contingency changeout and routine installation are essentially the same, it seems

logical to examine using that equipment on a routine basis. The study considered a

number of factors such as:

ao

b°

C°

d.

Impact on Orbiter timelines was minor.

Payload support (host) time in the Orbiter,

Impact on Orbiter timelines.

Total Tug processing time,

Impact on personnel and fleet size.

Installation at the pad would require approxi-

mately one to two hours additional pad time for the Orbiter, but would eliminate
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approximately eight hours installation time during the Orbiter MCF cycle. The most

dramatic change can be seen in Orbiter host time and resulting reduction in Tug total

processing time as shown in Figure 2-106. Host time is reduced from 140 hours to

32 hours, which results in a 109 working hour savings in total Tug processing time.

This means the Tug and mated spacecraft can be installed in the Oribter just over one

day prior to launch rather than 9 to 13 days prior to launch, which could be a major

advantage to some payloads such as those containing biospectmens or RTG power

sources.

AOT [_
ORBITER CHECKSI

HOST T|ME - 141 HOURS _.-

ERECT & MATE_ LECTRICAL CHECKS_

MOVE TO PAD, CONNECT & VERIFY{

PAYLOAD INSTALLATION AT VAB

PAD TIME - 37 HOURS --'----_

INTERNAL CHEC

COUNTDOWN PREPS! _7

PROPELLANT LOADING & LAUNCH

PAD TIME - 38 HOURS

| _-,_ HOST TIME - 32 HOURS

y TT-7
MOVE TO PAD, CONNECT, VERIFY I

INSTALL

AoT 

P. LOAO,NSTA L.T,ONATLAUNC.PAD COONTDOWN
PROPELLANT LOADING & LAUNCHI"--"

Figure 2-106. Turnaround Sequence for VAB and Launch

Pad Payload Installation

The time savings in the Tug timeline could result in a reduction of vehicles in the active

fleet, but probably would not result in a reduction of the total fleet buy due to expend-

able Tugs and attrition. The major advantage gained would be the opportunity to con-

sider reductions in the Tug turnaround crew size to take advantage of extra time avail-

able to accomplish turnaround maintenance.

Based on these findings, it is recommended that baseline Shuttle operations plans be

changed from the current horizontal Tug installation in the MCF to vertical installa-

tion at the launch pad concept.
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The Tug refurbishment andmaintenanceconceptis shownin Figure 2-107. Its objec-
tive is to resto_ returning Tugs to the required levels of safety and reliability at a
practical cost. The approachto achieve this objective is the use of CMMpF (Condition
Monitored Maintenancewith pre-flight test). This approach requires considerable
on-board performance monitoring capability, which results in reliable, fast, and low
cost turnaround.

• OBJECTIVE:

RESTORE RETURNING TUG TO REQUIRED SAFETY & RELIABILITY FOR PRACTICAL COST

• APPROACH:

CONDITION MONITORED MAINTENANCE WITH PREFLIGHT TEST

Z

Z

l.-
Z

<

c_
I.g

--I

£3
ILl

_5

_z

I CONDITION ASSESSMENT - CA I

(CRITICAL REFURBISHMENT OPERATION)

OPERATIONAL IFLT. INSTRU.

- COMPUTERIZED DATA

REDUCTION

- AUTOMATIC FLAGGING

OF ANOMOLIES

- MANUAL ANALYSIS

DIAGNOSTIC TREND

J
INSPECTION

- EXTERNAL VISUAL

- INTERNAL BORESCOPE

- ULTRASONIC - FUNCTIONAL

- TAPES & PAINT - NONDESTRUCTIVE

- MASS SPEC. ULTRASONICS

- PRESS. DECAY RADIOGRAPHICS

PRESS. TEST

A.E.M.

I REMOVE & REPLACE - SCHEDULED j

FAULT CONFIRM. ] .[ CORRECTIVE /-- CALIBRATE/ADJUST

& ISOLATION _ MAINT. REPAIR/-R• R
_-- OVERHAUL

PREFLIGHTTEST- POSTMAINTENANCEEND-TO-ENDINTEGRATEDCHECKOUT(STATUS)

Figure 2-107. Refurbishment and Maintenance Concept

Condition assessment has been identified as the critical refurbishment operation. Once

the condition of a returning Tug has been accurately determined and deficiencies identi-

fied, the tasks required to restore the vehicle are known, and work can proceed with

confidence. A major contributor to high confidence and reduced manhours for the con-

dition assessment operation is the operational flight instrumentation (OFI). This is

based on the fact that the "best test" of any system, subsystem, or component is the

last flight, provided that sufficient data is returned for maintenance analysis.

Computerized data processing and manual analysis of operational flight instrumenta-

tion (OFI) will be used as the primary method to assess the condition of a Tug return-

ing from a mission. External and internal visual inspections, leak checks, and other

tests as shown will be made as part of the CA process. This condition assessment

process will lead to either verification that subsystems are operationally intact or that

a requirement exists to remove and replace a component or perform some servicing.
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Componentswith knownlife requirements will be replaced ona scheduledbasis. Un-
scheduledmaintenancewill beperformed on componentsdetermined to be in needof
replacement by the CA process.

After the scheduledand unscheduledtasks have beenperformed, the Tug will receive
a post maintenanceend-to-end integrated checkoutto determine the status of various
subsystems.

2.5.3 ORBITER INTERFACE. The Tug-Orbiter interface is a major area of interest

and concern. It is important since they are both key elements of the STS. It is par-

ticularly important at this time since the Orbiter is already under development. The

Tug designs being considered must incorporate the definite constraints imposed by the

Orbiter while at the same time the Orbiter must incorporate those features required

to support a useful Tug system. Only in this way will the STS meet its goals of being

a useful, low cost system.

The subject of Tug-Orbiter interface encompasses:

a. Physical

1. Structural

2. Mechanical

3. Fluid

4. Electrical

b. Functional

1. Ground Operations

2. Flight Operations

3. Safety

c. Environmental

2.5.3.1 Physical Interfaces. The physical interfaces are illustrated in Figure 2-108.

All the Tug programs considered along with their structural support ancillary equip-

ment fit within the aft 35 ft (10.7m) of the Orbiter payload bay.

During the course of the study a structural support system trade was conducted, which

investigated several statically determinate attachment schemes. It was found that the

minimum payload impact occurs by taking the aft reaction through the support adapter

rather than the Tug and using side rather than keel fittings to react the vertical (z)

loads. The selected baseline support system, which conforms with the NASA four-

point determinate concept, is shown, along.with the maximum loads, in Figure 2-109.
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_ : es- 35FT., _ (

///Z_PAYLOAD ELECTRICAL UMBILICAL "\_"'\ ""-FLUIDS&ELECTRICAL

/Z---STRUCTURAL SUPPORT , ",,' SERVICES
',",,ISTRUCTURAL SUPPORTS

------LATCHES & DOCKING
-LATCHES & DOCKING

TUG MONITOR & CONTROL ',
SYSTEM (IMACS_ "- FLUIDS & ELECTRICAL

UMBILICAL

Figure 2-108. Tug Physical Interfaces

TUG

I

Z F

1163 124,

= _ADAPTER

ZAR ,...

i XL

LOC.

X R

X L

Y

ZAR

ZAL

Z F

Figure 2-109.

MAXIMUM ULTIMATE REACTIONS
MAGNITUDE (LB.)

-86,873/+ 165,226

-86,B73/+165,226

-+40,540

- 16,536/+46,900

-54,485/+50,069

-75,206/+33,426

LOAD CONDITION

CRASH/ORBITER END BURN

CRASH/ORBITER END BURN

SIDE DRIFT LANDING

ENTRY/SIDE DRIFT LANDING

SIDE DRIFT LDG/LIFT-OFF

CRASH/CRASH

Tug Baseline Support System and Loads on Orbiter
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If it were acceptableto the Orbiter, a redundant support system that adds an additional
keel fitting for vertical loads to reduce Tug torsion would offer a 65 lb (29.4 kg) pay-
load increase.

The support adapter is the key structural element of the Tug/Orbiter interface. The

general configuration is shown in Figure 2-110. The support adapter structure con-

sists of a cylindrical section the same diameter as the Tug body with the sidewall of

similar construction to the body structure. The adapter mounts the action portion of

the docking and latching mechanisms. Twelve power-operated, overcenter-type

latches provide structural continuity between the adapter and the Tug. Three probe

and drogue units for guidance and velocity attenuation are provided for berthing the

Tug to the support adapter.

Fluid feed, fill, vent and drain lines are routed through the support adapter from the

Orbiter service panels to the Tug umbilical panels. Each line contains a rotary joint

to allow Tug rotation with the lines connected. Three moveable umbilical panels are

located at the separation plane between the Tug and support adapter. The panels

mount the fluid and electrical disconnects and are actuated electrically by linear ball
screw actuators.

Two linear ball screw actuators, one on each side of the Tug, provide rotation. Dual

actuators are used for redundancy, either of which will rotate the Tug with the other

inoperative. Attachment provisions will be required on the Orbiter payload bay
longerons for these actuators.

The support adapter also contains spherical bottles that store gaseous helium for

abort dump pressurization of propellants, insulation, and tank purge.

It is seen from the preceding description that most of the active mechanical interfaces

take place between the Tug and its support adapter. The exceptions are the rotation

mechanism, the Z-support release, and the manipulator arm attachment.

The eight fluid functions required by the Tug and their general grouping and routing

through the Orbiter are shown in Figure 2-111. The use of the rotary joint allows

these lines (and the electrical lines) to remain engaged throughout the deployment

rotation and immediately after recapture. This approach extends the hardline con-

trol of the Orbiter over the Tug and eliminates a second set of retractable umbilicals

(Orbiter to support adapter).

The fluid line size and pressure requirements for the support adapter to Orbiter inter-

face are shown in Table 2-139. The main propellant flU, drain and dump line sizes

are based on dumping of beth propellants during powered flight in the event of a Shuttle

abort. Typical arrangements for the two aft bulkhead interface panels are shown in

Figure 2-112. Current Orbiter data indicates that these panels are located near the

2-223
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Figure 2-110. Tug/Orbiter Support Adapter

X01302

SHUTTLE SERVICESPANEL (2)

TUG/SHUTTLE

SUPPORT FITTING

/PAYLOAD LAUNCH

/OXIDIZER UMBILICAL
O2 VENT, /PANEL

\ / LO, D
\/'_ / TA_KPURGEVENT

....
_._L/'X_AYLOAD LAUNCH

FUEL UMBILICAL
PANEL

H2 VENT LH_ F & D

(PREFERRED\ H?_ENT (OPTIONAL)

LOCATION) _ TANK PURGE VENT

.f_ N2HdRELIEF & DRAIN

,_,/_// He SERVICE

8 THROUGH ORBITER_

NTERFACES |

1SUPPORT ADAPTER
DEPLOYED

/
MOVABLE UMBI LICAL

PANEL TUG CONNECTION

TUG PIVOT AXIS

. . FLEx. SEAL

\' _TYP FLUIDS

(_RBITER-PAYLOAD

SERVICES PANEL

Figure 2-111. Fluid Interfaces
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Table 2-139. Cryogenic Tug Fluid Interface Requirements

.-d
z

m

O

Z
.<
c_

2

LINEDIA. PRESSURE
TUG INTERFACE IINCHES) (PSIA) OR BITERINTERFACE

LO2 FILL, DRAIN & DUMP

GO2 VENT

LO2 TANK PURGEVENT

He PURGE

1-
LH2 FILL, DRAIN & DUMP

GH2 VENT

LH2 TANK PURGEVENT

N2H4 RELIEF& DRAIN

He FILL

" ! -

5.0

3.0

1.5

0.5

6.0

3.0

1.5

45 MAX

23 MAX

15 MAX

3.500MAX

LO2 FILL, DRAIN & DUMP

GO2 VENT

LO2 TANK PURGEVENT

1.0

0.5

22 MAX

20 MAX

15MAX

350 MAX

3500 MAX

LH2 FILL, DRAIN & DUMP

GH2 VENT

LH2 TANK PURGEVENT

N2H4 RELIEF& DRAIN

He SERVICE

LO2F&D

!i  r'"lO©
OXIDIZER PANEl.

LH2F&D

I/1 "-"_ _ N H4/_--_| R_LIEFO

,.,.,.,I0 @"S°'
FUEL PANEL

Figure 2-112. Orbiter/Support Adapter Fluids Interface

bottom of the payload bay aft bulkhead. This location results in poor accessibility for

Tug mating during installation, leak cheeks, and payload changeout.

All Tug related electrical interfaces pass through the Tug support adapter. Figure

2-113 shows schematically how this interface is accomplished. The interface unit

represents the bulk of the adapter electronics in terms of complexity because it con-

tains the logic and multiplexer capability to interface with both the Tug Monitor and

Control System (TMACS) and ground GSE in addition to providing a control and monitor

interface with the Tug vehicle and adapter functions.
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Figure 2-113. Tug Electrical Interface Functional Block Diagram

The TMACS is located in the Shuttle Orbiter crew compartment and incorporates a

combination of Tug-supplied, payload-peculiar equipment and Orbiter-supplied,

standard equipment. TMACS provides the necessary communication and logic to

monitor safety functions, provide status verification prior to deployment, and pro-

vide the subfunctions necessary to assure overriding control from the Orbiter during

ascent, deployment, abort, and retrieval. The major TMACS functions and equipment

are indicated in Figure 2-114.

The baseline TMACS design includes all hardware necessary to perform these functions.

The actual mechanization of these requirements involves integrating the capabilities of

the Orbiter, mission specialist station, payload specialist station, and special-purpose

Tug-supplied hardware and software.

As indicated in Figure 2-114. several TMACS implementation concepts were investigated.

The recommended concept is one in which the mission specialist has TMACS with the

payload specialist having the spacecraft.

TMACS ensures the safety of the Shuttle and crew by continuously monitoring and dis-

playing data related to out-of-tolerance conditions for safety-critical functions, by

providing an alert to the crew when a safety-critical function approaches a limit, and

by automatically executing corrective action sequences when directed by the crew.

TMACS verifies Tug operational readiness by monitoring the status of Tug systems

and by permitti_lg a crew member to initiate a sequence of tests for Tug subsystems.
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Figure 2-114. Tug Monitor and Control System

The division of TMACS functions between Orbiter-supplied equipment and Tug-supplied

equipment in the crew compartment must be determined by comparing required capa-

bilities with those available on the Orbiter. A comparison of these requirements with

the capabilities as known in September 1973 is shown in Table 2-140. Possible prob-

lems occur with regard to sharing a computer and the detailed communication interface

requirements. More detailed analysis is required in this area.

The physical characteristics of the TMACS are shown in Table 2-141. Elements identi-

fied as GFE are those required Orbiter-supplied capabilities that are independent of, but

interface with,the TMACS. The summary totals are in two forms; one includes all

elements and the other includes just those element,s supplied by the payload contractor.

The emphasis has been on the Tug-related physical interfaces between Tug and Orbiter.

The Tug payload (spacecraft) will have an impact since from the standpoint of the

Orbiter both the Tug and spacecraft are considered Orbiter payloads. A brief analysis

was made by General Electric of the requirements that Tug payloads might impose on
the Orbiter interface.

Wb31e in the payload bay prior to liftoff the spacecraft may require both fluid and elec-

trical interfaces through the Orbiter to the ground. The range of interface require-

merits as derived from the available data on Tug spacecraft in the June 1973 NASA
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Table 2-140. TMACS Orbiter Comparison

CAPABILITIES MACS MISSION SPECIALIST STA.* PAYLOAD SPECIALIST STA.*

DATA CONTROL

• PROCESSOR

REAL TIME

PCM DECOM

I/O

• SOFTWARE

TIME SHARE

PROGRAM SIZE

PROGRAM SPEED

• DATA STORAGE

SOFTWARE

DATA LOGGING

CREW INTERFACE

• C&W DISPLAY

• CONTROLS & SWITCHES

• CRT & KEYBOARD

COMMUNICATORS

• COMMAND UPLINK

• MONITOR DOWNLINK

• i:lF UPLINK

• PCM OOWNLINK

YES - DEDICATED

YES - 16K, 16 BIT WORD

YES - 16 KBPS

YES - A/D, D/A, DMA, MUX.

YES - EXECUTIVE+2 TENANTS

3K TO 8K PER PROGRAM

2 KADS TO 70 KADS

YES - NOT DEDICATED

YES - 48K, 16 BIT WORD

YES - PCM - DECODER, 25 KBPS

YES - TMACS TO ORBITER

INTERFACE

YES - P/L ALLOWED 10K CORE

IN ORBITER COMPUTER

ORBITER P/L S/W

VALIDATION PROB.

YES -DRUM, DISC OR MEMORY= YES - MASS STORAGE

100K WORDS ASSOCIATED WITH

1 .SM BITS ORBITER COMPUTER,
DATA TAPES

YES-7LIGHTS& SWITCHES

YES-CONTROLPANEL

YES-1EACH

YES - ORBITER SUPPLIED

YES - ORBITER FUNCTIONS

YES ORBITER SUPPLIED

YES - TRI-PLEX REDUNDANT

LINK

YES - 2 KBPS

YES: - 16 KBPS

YES - 2 KBPS

YES - 2 KBPS

YES - 256 KBPS/25 KBPS

NO - PAYLOAD SUPPLIED

NO- PAYLOAD SUPPLIED

NO - PAYLOAD SUPPLIED

NO - PAYLOAD SUPPLIED

MAYBE - ORBITER TAPE

UNITS MAY BE AVAILABLE

NO - PAYLOAD SUPPLIED

NO - PAYLOAD SUPPLIED

NO - PAYLOAD SUPPLIED

NO - SAME AS ORBITER

NO - PAYLOAD SUPPLIED

NO - VIA MSS

NO - VIA MSS

POWER , YES 28VDC, 575WATTS YES-28VDC YES- 28VDC
I

PAYLOAD SPACE 12 FT. 3, 8 FT. 2 (1,154 IN.2I LIMITED TO ORBITER SUPPLIED I YES - RACK, 20 FT 3

FUNCTIONS [ 17 FT. 2 (2,445 IN. 2)

Table 2-141. Physical Characteristics of Tug Monitor and Control System

CMACS REQUIREMENTS

DATA CONTROL

PROCESSOR

INPUT/OUTPUT

PCM DECOM

PCM INTERLEAVE

DATA STORAGE

- SOFTWARE

- DATA IXK;GING

CREW INTERFACE

C&W D_PLAY

CONTROL & SWITCHES

CRT &KEYBOARD

COM MUNICA T1ONS

TMACS/TSA LINK

RF UP L1NK

TLM DOWN LINK

TOTA L¢; (BASELINE - NO

ORBITER SUPPORT

CA PABILITY )

TOTALS (LOW ORBITER

SUPPORT CAPABILITY)

SUPPLIED

BY PAY IX)A lJ

X

X

X

GFE

X

GFE

X &GFE

X

X

X

GFE

X

X & GFE

P()WER

fWA I'TS }

150

65

25

15

100

100

10

60

10

30

10

WEIGHT

(LBS)

50

55

20

5

75

75

20

lO

60

PANEL

VOL_M_ SPAV
(FT)

1.0

4.0

0.7

0.5

2.0

2.0

X ONLY

575 WATTS

430 WATTS

4OO LBS

310 LBS

0,1

0.5

0, 5

0.5

0.1

0.1

3
12 FT

9.4 FT 3

140

224

84

162

162

48

180

64

54

36

1154 IN 2

(8 FT 2)

7 FT 2
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mission model is shownin Table 2-142. A key assumption in deriving these require-

ments was that the primary testing of the spacecraft was performed prior to installa-

tion in the Orbiter. These interfaces must be accommodated through the three avail-

able Orbiter umbilical panels along with the Tug requirements.

All Tug spacecraft will require some type of Spacecraft Monitor and Control System

(SMACS) located in the Orbiter crew compartment. In terms of functions the SMACS

would be similar to TMACS in that it would be involved with safety status, subsystem

status, and pre-separation checkout. The implementation of SMACS and how much

existing Orbiter capability might be used is an open issue. The major point is that

separate monitor and control systems will be required for the Tug and its spacecraft.

The problem of multiple payload delivery of different type payloads makes the monitor

and control problem much more complex.

It is recommended that additional studies be made in this area of Tug spacecraft/

Orbiter interface requirements.

2.5.3.2 Functional Interfaces. The major functional interfaces between the Tug and

Shuttle are ground and flight operations, and safety. Safety has been discussed

separately in Section 2.5.1, and abort, which is part of flight operations, is discussed
in Section 3.1.

Table 2-142. Payload/Ground Interface Requirements Summary

TYPE OF LINE SMALL, SIMPLE SPACECRAFT LARGE, COMPLEX SPACECRAFT

NONCRYOGENIC FLUID 1 TO 3 LINES, 1/4-T0 3/8-1N. 4TO 14 LINES, 1/4-TO 5/8-1N.
DIAMETER DIAMETER

0TO 2 LINES, 3/4-AND 1/4-1N. 0TO 4 LINES, 2 AT 1/4-1N.
DIAMETER DIAMETER AND 2 AT 3/4-1N.

DIAMETER

8TO 14 LINES, N0.8 TO 16
GAUGE

50 TO 125 LINE PAIRS, NO. 20
TO 22 GAUGE

4TO 6 LINES, 2 TO 3 AT 1/2-1N.
COAXIAL CABLE AND 2 TO 4 AT
1-1/2- TO 2-IN. SEMIRIGID/
RIGID WAVEGUIDE

CRYOGENIC FLUIDS

ELECTRICAL POWER

CONTRO L/STATUS

(INCLUDES C/W)

RF DATA

6 LINES, NO. 14 OR 16 GAUGE

45T0 60 LINE PAIRS, NO.20
TO 22 GAUGE

3TO 4 LINES, 2 AT 1/2-1N.
COAXIAL CABLE AND 1 TO 2
AT 1-1/2-T0 2-IN. SEMIRIGID/
RIGID WAVEGUIDE

2-229



The major issue whenconsidering ground and flight operations functional interfaces
is that the operational procedure and equipmentproposed for the Tug be consistent
with the SpaceShuttle operations and procedures. This has beendonewithin the level
of available Shuttle operational definition. There are still several openissues. Dur-
ing post-flight operations there is an issue regarding the time and location of demate
andthe possibility of various concurrent operations. In the prelaunch phase the Tug/
Spacecraft installation time/location and the changeoutoperations are not clearly
defined. With respect to flight operations there is not a clear definition of the Orbiter
timelines for Tug deployment and retrieval.

2.5.3.3 Environmental. The Tug is required to meet the environmental conditions

imposed by the Shuttle. These include payload bay temperatures, acceleration levels,

acoustic levels, and vibration levels. To the level of definition of this study the Tugs

can meet these environmental conditions. One area requiring more analysis is the

effect of the loaded Tug on the payload bay temperature prior to launch.

2.5.3.4 Summary. The Orbiter interface accommodations are generally acceptable

for cryogenic Tugs. There are certain minor changes that would improve the inter-

face such as higher umbilical panels in the aft bulkhead and allowing two forward Z-

structural supports to reduce Tug torsion.

It is strongly recommended that the Tug/Shuttle interface be continuously studied since

the Shuttle is already under development. Only in this way can it be assured that Tug

requirements are incorporated in the Shuttle design. In addition, the Tug payload/

Shuttle interface should be studied.

2.5.4 S_PECIAL SENSITIVITY STUDIES. As part of the program definition task,

sensitivity studies were conducted for various capability features. In general these

sensitivity results are applicable to all of the programs.

2.5.4.1 Reliability and Mission Duration. The sensitivity of Tug reliability to mis-

sion duration is described in Figure 2-115. The mission reliabilities for Programs 1,

2, and 3 were first established for the baseline missions associated with each of these

programs. The mission durations were then varied for each of the programs in accord-

ance with the sensitivity almiysis ground rules. As indicated in this chart, the rates of

reliability change with respect to time are 0.009 per day for Program 1, 0. 005 per day

for Program 2, and 0. 004 per day for Program 3. Program i reliabiIity, therefore,

is significantly more sensitive to variations in mission duration than Programs 2 and 3.

The principal reason is that Program 1 redundancy levels were based on achieving a

reliability of 0.97 for a baseline mission of only 47 hours. When an attempt is made

to extend the mission duration, the reliability falls relatively sharply. On the other

hand, Programs 2 and 3 are designed to attain a 0.97 reliability for approximately six-

and five-day missions. A greater degree of redundancy was consequently built into

these designs, and the sensitivity of their reliability to mission duration is compara-

tively small.
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Figure 2-115. Reliability Versus Mission Duration

2.5.4.2 Autonomy. The question of Tug autonomy level was a major issue during the

study. The cost of autonomy was analyzed for Programs 1, 2, and 3, and the results

are shown in Table 2-143. The analysis of cost and weight differences was referenced

to autonomy level I because Programs 1, 2, and 3 have autonomy level I implementa-

tion in the guidance update and rendezvous and docking subsystems. In terms of equip-

ment, this means a horizon sensor and a star sensor for guidance update and dual laser

radars for automatic rendezvous and docking. The weight differences for level II is the

result of removing the star sensor and adding a sun sensor and navigation satellite user

equipment; for level III, removal of the star sensor and the addition of the sun sensor

and, in the ease of Program 2 and 3 final, the addition of television and its associated

communications equipment. The same is true of level IV.

Cost differences involve the costs of the previously mentioned hardware changes

plus considerations of software variations, ground support hardware, software and

operations personnel, and their training. The data shows that autonomy level I has the

lowest DDT&E, operations, and total program cost for all three programs.

2.5.4.3 Design Life. The Tug vehicle has been designed to be reusable but no attempt

has been made to limit the number of reuses for which the vehicle would be designed.

Conversely, very little additional DDT&E effort has been included to extend the life of

components. The design was allowed to progress in a normal manner and component

life was checked after the design met the specified strength, accuracy etc. The only

components found to have a mean time between overhaul or design life less than 100

missions are the RL-10 Cat I engines, the ACPS thrusters, the MLI, and the fuel cell.
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Table 2-143. Autonomy Sensitivity Deltas Referenced

From Autonomy Level I

PROGRAM] PROGRAM 2 PROGRAM 31 PROGRAM 3F

AUTONOMY LEVELS

II III IV

+23 -3 -3

+1.6 +2.1 +3.4

+0.4 -] 5 -] 5

0 +5 +9.

I +:11.8+2.0 +5.6 I

AUTONOMYLEVELS

II III IV

+23 +35 +35

+1.6 +]0.} +l].9

+0.4 +2.7 +2.7

0 +5.5 +8.6

+2.0 , +]8.31+23.2

II

+23

+].6

+0.4

0

+2.0

AUTONOMY LEVELS

III

-3

+2. ]

-}.5

+1.8

+2.4

IV II III

-3 - +35

+3. 4 - +8

-1.5 - +4. 2

+3.6 - +3.5

+5.5 - +]5.7
i

IV

+35

+8

+4.2

+5.5

+17.7

AUTONOMY LEVELIHAS:

• LOW DDT&ECOST

• LOW OPERATIONS COST

• LOW TOTALPROGRAM COST

These systems will be overhauled and replaced; in the case of the MLI and fuel cell at

the appropriate times, which are between 10 and 20 missions depending on the system.

All other systems have a life far in excess of the 100 missions equivalent and will be

subject to random failure replacement. The cyclic testing required would increase

to show this increased life, but the major cost of the test is the test setup and the test

specimen. The additional time required to test to a larger number of cycles is gener-
ally small.

2.5.4.4 Ground Turnaround Time. The effect of ground turnaround time on program

costs was investigated for Program 1; however, the conclusions would be applicable

to the other programs. The parameters that vary with turnaround time are the man-

power, i.e., number of shifts and the fleet size required to perform the mission. In

performing an analysis the basic assumption derived from the operations analyses was

that regardless of crew size, Tug turnaround serial time is constant at 270 hours. Of

this time, 154 hours are constrained by the Orbiter timeline while the Tug is in the

cargo bay. Thus, the variation in the number of shifts assigned (and resultant total

crew size impact) can be applied only to the 116 hours when the Tug is outside the

cargo bay.

The minimum active fleet size was determined assuming an average two-day flight,

even launch centers, and a maximum annual launch rate at KSC of 22 flights. It was

found that extending the ground turnaround time to the point where a total one-shift

operation at KSC could be used would require an additional vehicle in the active fleet
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inventory as long as the Tug is installed in the cargo bay while the Orbiter is in the
MCF. Converting the crew size variations and additional vehicles to equivalent total
program dollars we obtain the curves in Figure 2-116. Here we see that going to
three shifts to reduce turnaround time does not reduce the number of vehicles re-

quired but does reduce manpower costs. Conversely, reducing to one shift would

save manpower dollars but would add one vehicle to the active fleet requirements.

While this would appear to save total program dollarst it reduces operational flexi-

bility by reducing manpower to the level where it is all but impossible to accommodate

the uneven launch center cases. On the other hand, pad installation of the Tug would

permit reducing to one shift and still accommodate uneven launch center cases.

4

3

MINIMUM
ACTIVE
FLEET 2

1

0

2O0

2-DAY FLIGHT
EVEN LAUNCH CENTERS 160

22 FLIGHTS PER YEAR CROUND

TURN- 120

_/J I \ 1 SHIFT CREwAROUND

SIZE 802 SHI FTS

3 SHIFTS

I I I
20 30 40

TURNAROUND TIME (DAYS)

40

0_

-- MINIMUM PARACTICAL TURNAROUNO

-- _3 SHIFTS

1 SHIFT

I I I
20 30 40

TURNAROUND TIME (DAYS)

:_¢ I,_ COST 0 [

($M) .10 _._/_ _¢,_L=._ cosT_ i_ TOTAL PROGRAM

TURNAROUND TIME (DAYS)

CONCLUSIONS:

TUG-ALONE TURNAROUND TIME HAS MINOR
EFFECT UPON COST

PAD INSTALLATION OF TUG WOULD PERMIT
ONE-SHIFT OPERATION AT KSC

Figure 2-116. Ground Turnaround Time Sensitivity

2.5.4.5 Other Sensitivitie_.ss. Several other special sensitivity studies were performed,

which involved defining the vehicle changes associated with certain features and the re-

sultant payload and development cost impact. The results are summarized in Table
2-144.

Providing 300W of payload power in Program 1 does not affect the weight or cost but

merely requires a slight increase in fuel cell reactants. The addition of rendezvous

and docking capability requires adding a 77 lb (35 kg) docking frame and 60 lb (27.2 kg)

laser radar plus software changes. Payload spin or despin capability requires a spin

kit plus software changes and an increase in ACPS propellant.
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There are three sensitivities under DODcommunications. Increasing the communica-
tion rate requires three antennas. SCF communication requires addingTug-to-ground
SGLSequipment, which includes the 10 lb (4.5 kg) for the secure communications en-
cryptor anddecryptor, e

The addition of payload service capability requires software changes for the modes

when the payload is attached to the Tug. Payload communication, when the payload

is detached, requires a Tug-payload rf link.

The performance increment associated with these capability features is presented in

Table 2-144. The rendezvous and docking payload is the total payload and not the

increment. One of the reasons this retrieval payload is low is that the Program 1

Tug is sized for the deployment mission and only has a propellant capacity of about

50,000 lb (22,660 kg).

Table 2-144. Other Sensitivity Results

SENSITIVITY AREA REQUIRED CHANGES

PAYLOAD POWER

(300W)

RENDEZVOUS &

DOCKING

PAYLOAD SPINUP

D0D

COMMUNICATIONS

256 KBPS

SFC COMM.

SECURE

COMM.

PAYLOAD

SERVICES

AINERT

WEIGHT

LB (KG)

A.DDT&E

($M)

INCREASE FUEL CELL - -

REACTANTS (3 LB)

ADO DOCKING FRAME, LASER 137 (62) 13.2

RADAR, SOFTWARE

INCFIEASE AC_ PROPELLANT 87 (39.5) ~1.0

(7 LB) ADD SPIN/DESPIN KIT,

SO FTWA RE

ADD 3 ANTENNAS 10 (4.5) 0.4

ADO TUG/GROUND SGLS 42 (19) 1.8

EQUIPMENT

ADD ENCRYPT. & DECRYPI'ER 10 (4.5) -

SOFTWARE, TUG/PAYLOAD 44 (20) 6.3

RF LINK

ASYNCH. PAYLOAD LB (KG)

DEPLOY RETRIEVE

-3 (.1.4)

NA 1720 (780)

-264 (.120) .160 (-73)

.29 (-13) -18 (-8.2)

-123 (-55) .73 (-33)

-29 (-13) -18 (-8.2)

-128 (-58) .77 (-35)
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2.6 SUPPORTINGRESEARCHAND TECHNOLOGY

As a result of the analyses conducted during the study, certain areas where research

and technology efforts should be applied were identified. The identified items are

not really technical breakthroughs as much as they are advances or specializations

of the current state of the art. In this context many of them could be postponed until

the beginning of a hardware development phase. This would not be at all desirable,

however, since they are aimed at developing the data with which to make decisions

concerning alternate implementations. The costs and schedules associated with each

area of technology reflect the same thing. They are estimates of the cost and calendar

time required to develop the data necessary to make a decision about which of alternate

techniques should be chosen. Sufficient data would be developed to allow reasonable

requirements to be specified and to guide the choice of appropriate design allowables.

Thus, the tasks and their associated costs and schedules do not reflect development

into an actual product, but rather the development to the point where the data to deter-

mine applicability and risk are sufficient.

Since the results of the configuration and program definition tasks have shown that the

given mission models can be accomplished with a RL-10 Cat I or Cat II main engine,

there is no technology effort identified for advanced engines, i. e,, RL-10 Cat IV, ASE,

or Aerospace. If the government feels that there are undefined missions that would

justify the cost of a significantly higher performance Tug, then technology efforts in

the advanced engines, particularly the RL-10 Cat IV, should be continued.

Figure 2-117 summarizes the cost and schedule requirements for the identified tech-

nology areas. The schedule represents the duration of effort and does not mean that all

efforts should start simultaneously. In most cases the tasks should be initiated such that

the significant results would be available for incorporation during the Phase B effort.

The following paragraphs summarize these technology items. Included for each item is

the status, justification, objectives, resources required, and applicable programs.

TASK (ESTIMATED DOLLARS)

COMPOSITE MAT ERIA L STR U CTU RES (300 K-500 K)

METEOROID IMPACT EFFECTS (100K)

FRACTURE MECHANICS - THIN TANKAGE (400K)

NDT FOR TANKAGE (300K-500K)

CHEM SIZING & MIN GAGE (100K)

HIGH PERFORMANCE INSULATION (300K-400K)

BULK EXCHANGER ZERO-G VENT (200K)

ACPS CATALYST BED LIFE (250K)

LEVEL OF AUTONOMY (150K)

AUTONOMOUS GUIDANCE UPDATE (500K)

LIGHTWEIGHT FUEL CELLS (500K)

LASER RADAR (1000K)

TV OR OPTICAL DOCKING (500K)

DATA MGMT. & SOFTWARE REDUNDANCY (500K}

MAINTENANCE SUPPORT INSTRUMENTATION (200K)

CHECKOUT OF REDUNDANT COMPONENTS (200K)

Figure 2-117.

TASK DURATION - YEARS

1 I 2 '3 4

m

l

m

i i

i

L

Supporting Research and Technology Tasks and Schedules
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TITLE: COMPOSITEMATERIAL STRUCTURES

STATUS: Filamentary composite materials such as graphite/epoxy, boron/epoxy, and

boron/aluminum have been fabricated into structural assemblies and significant weight

savings demonstrated. Development of material properties data for thin gage face

sheet material is insufficient for design implementation. Effects of meteoroid impact,

acoustics, and vibration have not been determined.

JUSTIFICATION: Tug performance requirements dictate a lightweight structure as

desirable. Composites offer the potential to minimize weight but this potential must

be demonstrated. The cost associated with the use of composites must be investigated.

OBJECTIVES: To determine realistic weights and costs of Tug structure utilizing

composite materials. To develop material properties and design allowables for thin

gage composite materials applicable to Tug design. To evaluate the effects of the TUg

environment on the composite materials.

RESOURCES REQUIRED: The use of the NASA hypervelocity impact facility and

acoustic facility would be required. This would require $350k to $500k expenditure

over a two-and-a-half-year time period.

APPLICABLE PROGRAM: 2

TITLE: METEOROID IMPACT EFFECTS ON COMPOSITE MATERIALS AND

PRESSURIZED TANKAGE

STATUS: No damage criteria for meteoroid impact effects have been established for

composite structures and metallic tankage with the configurations and in the gages

proposed for Tug. No current testing had specimens under pressure.

JUSTIFICATION: Current designs for advanced Tugs utilize a composite body struc-

ture to serve, secondarily, as a meteoroid barrier for tank wall protection. The

effectiveness of composites for this and their strength retention after impact, plus

the acceptable limits for cratering and spalling of a tank wall under pressure, are

all areas requiring investigation to achieve a reliable, minimum weight Tug.

OBJECTIVES: To establish damage criteria and material selection data for the Tug.

To determine damage limits for candidate tank walls (maximum acceptable cratering,

etc. ) and for composite body structure for several types of construction (monocoque,

stiffened, sandwich).

RESOURCES REQUIRED: The use of the NASA hypervelocity impact facilities and

contractor static testing will be required. This would be a one year duration effort

requiring $100k.

APPLICABLE PROGRAMS: All
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TITLE: FRACTURE MECHANICS FOR THIN GAGE TANKAGE

STATUS: Fracture toughness data is available for thick materials (plane strain) but

not for the thin gages expected to be utilized on the Tug (plane stress or mixed mode).

Since plane strain data is the minimum toughness value, use of such data for thin

materials is overly conservative. The critical fracture condition is likely to be under

conditions of sustained loads where there is little data.

JUSTIFICATION: The requirements of NASA SP 8040 are not readily applied to thin

wall pressure vessels that will leak-before-break (which is desirable}. A proof test

criterion to guarantee that leaks will not develop after the conclusion of the proof test

must be developed.

OBJECTIVES: To establish a data base for thin gage 2219 aluminum alloy suitable for

inclusion in a fracture control program for the Tug. To develop a fracture control

plan using the proof test criteria developed specifically for Tug. Two tempers of

2219 will be evaluated: T87 (stronger) and TS1 (tougher).

RESOURCES REQUIRED: This would be a two year program and would require

approximately $400k.

APPLICABLE PROGRAMS: All

TITLE: NONDESTRUCTIVE CONDITION ASSESSMENT TECHNIQUES FOR TANKAGE

STATUS: Requirements to assure structural integrity of lightweight, highly stressed,

dynamically loaded tankage for multiple reuse are currently evolving from other on-

going programs. Very little practical experience has been obtained to date. Acoustic

emission monitoring techniques offer promise as a tool for life monitoring.

JUSTIFICATION: Current methods of testing (proof pressure, X-ray, etc.) would be

very costly and time-consuming if applied before each flight. The need for detection

and definition of flaw growth as an essential element in fracture-controlled designs

is obvious.

OBJECTIVES: To develop nondestructive methods and techniques for condition assess-

meat monitoring of tankage to detect and characterize flaw growth, to detect leakage,

and to evaluate and assess damage. This will be accomplished by producing sub-soak

specimens that contain controlled geometry flaws and simulate access limitations

representative of these expected for the Tug tankage. To assess the methods of

acoustic emission monitoring, remotely directed ultrasonics, thermal detection, leak

tests, etc., and their applicability to the TUg requirements.

RESOURCES REQUIRED: Some specialized test equipment is required. This would

require a total of $300k to $500k expended over an 18-month period.

APPLICABLE PROGRAMS: All
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TITLE: CttEMICAL SIZING TOLERANCE AND MINIMUM GAGE CONSTRAINT

DETERMINATION

STATUS: The technolo_5, to fabricate thin gage tankage is within the current state of

the art but requires development effort to reduce techniques to practice. Chemical

sizing is still an art particularly for close tolerances in 2219 aluminum alloy.

Improved process controls will be required to achieve the desired tolerances.

JUSTIFICATION: The performance required from the Tug would dictate thin gages,

particularly if economical process can be developed. The ability to consistently

fabricate tanks of thin gages and close tolerances must be verified early in the

program.

OBJECTIVES: To develop techniques to chemically size bulkheads and tank barrel

parts to thin gages and close tolerances. (Subscale parts are adequate for this.) To

establish the minimum gage constraint to be applied based on tolerance control,

surface finish, and handling.

RESOURCES REQUIRED: No specialized facilities are required to perform the gage

mapping and selective chemical milling to reduce the tolerance of the formed parts

to the target tolerance of +0.005 inches. It is anticipated that this verification

would cost approximately $100k and requires one to one-and-a-half years.

APPLICABLE PROGRAMS: All

TITLE: HIGH PERFORMANCE INSULATION FOR CRYOGENIC TANKAGE

STATUS: The performance of several multilayer insulation systems has been

evaluated on test tanks. Additional effort is re_luired to demonstrate the capability

to install, inspect, purge, repair, and evaluate mission performance and assess
degradation.

JUSTIFICATION: The cryogenic Tug requires an insulation system that will keep

boiloff at an acceptable level for the mission duration and the cyclic operation of a

reusable vehicle. The insulation system must withstand the environment of launch,

entry, and ground operations. Demonstration of the capability of the insulation to

withstand this environment, and evaluation of the degradation to be expected as well

as determination of the associated weight of the system early in the program are
desirable.

OBJECTIVES: To demonstrate the capability of cryogenic tank insulation systems to

meet the performance requirements, to withstand the environment, and to evaluate

the operational functions of performance monitoring, repair and, refurbishment.

RESOURCES REQUIRED: The use of the NASA hypervelocity impact facility and

acoustic facility would be required. This would require $300k to $400k expenditure
over a two-year time period.

APPLICABLE PROGRAMS: All
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TITLE: BULK EXCHANGER ZERO-G VENT

STATUS: Prototype testing of bulk exchanges and mixers has been accomplished.

Development of flight weight units leading to simulated orbital tests is the next step

in their development. A distributed exchanger in lieu of the mixer should continue to

be investigated.

JUSTIFICATION: Tank lockup, screen containment, and thrust settling are the alter-

nates to this system, and each would present more severe weight penalties and/or

safety hazards to the Tug. Development of a bulk exchanger zero-g vent system is

required for long-term space residency.

OBJECTIVES: To verify the weights and powers of units developed for both LH 2 and

LO 2 tanks. To develop flight weight prototypes that could be tested in an orbital

flight and to test them in simulated orbital conditions of heat transfer. To investigate

the distributed exchanger concept as an alternate to the powered mixers.

RESOURCES REQUIRED: A flight type tank and insulation system for each fluid would

be required. This, plus the testing, would cost about $200k and require one to one-

and-one-half years.

APPLICABLE PROGRAMS: All

TITLE: ACPS N2H 4 THRUSTER CATALYST BED LIFE

STATUS: Current design monopropellant N2H 4 thrusters in the thrust range desired

for ACPS use have demonstrated adequate lifein terms of on-off cycles and totalon

time. However, cycling through a number of burns followed by an exposure to vibra-

tion and atmosphere for the equivalent of 20 to 50 Tug flightprofiles has not been
accomplished.

JUSTIFICATION: The Tug, because of the reusability, places new environmental

requirements on the ACPS thrusters. The catalyst bed may be vulnerable to repeated

exposure to vibration and acoustics and to atmospheric contaminations. Demonstra-

tion of the life of a unit in the Tug environment is required to establish replacement/
refurbishment guidelines.

OBJECTIVES: To demonstrate the potential reusability of the ACPS thrusters. To

determine the feasibility of replacing the catalyst bed, if necessary, without replacing
the entire engine.

RESOURCES REQUIRED: The test must be performed in a simulated space environ-

ment chamber with controlled pressure and with the capabilityto vibrate the engine

for simulated flightsequences. This would require $250k expenditure over a one-
year period.

APPLICABLE PROGRAMS: All
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TITLE: LEVEL OF AUTONOMYOPTIMIZATION

STATUS: Initial studies by the various Tug contractors came to different conclusions

as to the optimum level of autonomy to apply to the Tug. The difference between

autonomy levels were, in general, small. Minor ground rule differences could

account for the variation in results. A more thorough investigation to a set of mutually

agreed upon ground rules is necessary to determine the optimum level of autonomy.

JUSTIFICATION: Although the current studies show little difference in cost between

the levels of autonomy for DDT&E, the choice of a level vastly affects the overall Tug

avionics suit as well as the flight and ground operations. The effect of choosing each

level should be investigated in more depth before a level is chosen and this must be

accomplished early in the TUg program.

OBJECTIVES: To determine the optimal level of autonomy for the Tug and the sensi-

tivity to minor changes in the ground rules of costing and operations.

RESOURCES REQIYIRED: This study would require one year and the expenditure of

$150k.

APPLICABLE PROGRAMS: All

TITLE: AUTONOMOUS GUIDANCE UPDATE SYSTEM ACCURACY

STATUS: For completely autonomous guidance and navigation, star trackers and

horizon sensors appear to be the best candidates. Landmark tracking has limitations

at high altitude. Star trackers require little development but horizon sensors are

marginal both in accuracy (horizon variance) and dynamic range (100 n. mi. to

60,000 n. mi. altitudes).

JUSTIFICATION: Improved sensor accuracy would improve Tug performance both

in AV correction required and placement accuracies as well as reduce the Shuttle

rendezvous requirements.

OBJECTIVES: To develop more accurate horizon model and to develop horizon sensor

with sufficient dynamic range and accuracy. To investigate unknown landmark tracking

as a supplement to horizon and star sensors. To develop the digital computer pro-

grams necessary to implement the guidance update (recursive filtering, altitude

damping, etc. ) and to evaluate overall accuracy.

RESOURCES REQUIRED: This would be a program that would require approximately

three years of effort and the expending of about $500k.

APPLICABLE PROGRAMS: All
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TITLE: LIGHTWEIGHTFUEL CELL DEVELOPMENT

STATUS: Previous mannedspace programs demonstrated the practicality of electrical

power generation by fuel cell. The R&D for Shuttle-sized fuel cells currently being

studied will provide the technology but not in the power range required for the Tug.

JUSTIFICATION: The Shuttle fuel cells could be utilized but they weigh more and, at

low power output, regulation is poor. Advanced lightweight fuel cells offer a signifi-

cant weight advantage for reasonable cost if developed as repackaged Shuttle stacks

reduced to the Tug power requirements. Fuel cells offer considerable mission

flexibility for longer duration mission (greater than 48 hours).

OBJECTIVES: To develop a rugged, reliable, inherently stable, low weight fuel cell

capable of reliable, high performance for numerous missions requiring a wide range

of power with good voltage regulation.

RESOURCES REQUIRED: The requirement is to adapt and repackage a Shuttle-type

fuel cell which would require 18 months and $500k technology funding prior to contract

to ensure feasibility.

APPLICABLE PROGRAMS: 2 and 3 Final

TITLE: LASER RADAR

STATUS: Presently available lasers have a questionable range capability. Those with

sufficient power (e. g., CO2) have long pulse width making them good at long range but
not capable of handling docking, while those with short pulse widths (YAG, for example)

do not have sufficient power. Attitude sensing is just now being studied.

JUSTIFICATION: The laser radar is the only sensor with the potential of providing

both rendezvous and docking information. Increased power and resolution are required.

Target attitude information is also required for automatic docking.

OBJECTIVES: To determine whether a single laser radar for use in rendezvous and

docking is feasible. To develop the optimal combination/configuration of laser radars

to solve the rendezvous, docking, and attitude sensor needs.

RESOURCES REQUIRED: The feasibility of single laser coverage is a 2-1/2 year,

$700k task. The development of a sensor configuration for attitude sensing, etc., is

an additional $300k task of one year duration.

APPLICABLE PROGRAMS: 2 and 3 Final
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TITLE: TV OR OPTICAL PATTERN RECOGNITIONFOR DOCKING

STATUS: Remotely controlled docking via television is presently under study. Little

or no effort is currently being expended in the use of TV or optical devices for auto-

matic docking. Pattern recognition techniques have been developed but not applied to

this task.

JUSTIFICATION: As an alternate to use of lasers, this technique should be investigated.

By keeping all computations on board the Tug, a completely autonomous rendezvous and

docking can be accomplished. Ground aid as an option can be provided or remotely

controlled docking could be used in some situations.

OBJECTIVES: To develop an alternate to laser radars. To determine the computer

requirements for onboard pattern recognition processing and any lighting limitations

that might be imposed. To verify that remote docking via TV is feasible with time

delays in the loop.

RESOURCES REQUIRED: ]:his study, including a simulation of the TV link with delays,

would be a two-year task and would require approximately $500k funding over that time

period.

APPLICABLE PROGRAMS: 2 and 3 Final

TITLE: DATA MANAGEMENT AND SOFTWARE REDUNDANCY TECHNIQUES

STATUS: Hardware implementation of redundancy (voting) has been developed. The

practical redundancy when three or more computers are to vote and the internal

redundancy within the computer are just now receiving attention. Software redundancy

techniques are also receiving some attention but more work is necessary to evaluate
them.

JUSTIFICATION: The computer and software configuration and the redundancy tech-

nique will have a profound effect on the overall avionics for the Tug and effect the Tug

reliability and versatility as well as cost.

OBJECTIVES: To develop practical redundancy implementations for digital computers

including the number of computers, their interconnection, and method of sharing the

computation load. To develop the software architecture and outline the subroutine

format to the level necessary to compare implementations. To determine the optimal

redundancy technique for the Tug mission.

REQUIRED RESOURCES: This is a task that will require two years and the expenditure

of approximately $500k.

APPLICABLE PROGRAMS: All
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TITLE: MAINTENANCE SUPPORT INSTRUMENTATION

STATUS: Built-in test equipment (BITE) is currently well developed for avionic and

mechanical control equipment. Extension of this capability to structure, tankage,

insulation,and other passive subsystems of a Tug is desirable.

JUSTIFICATION: To lower turnaround time and cost, efficient,reliable instrumen-

tationis required for all Tug subsystems. Reusability extends the need for BITE type

equipment to many areas not tested except at time of manufacture.

OBJECTIVES: To develop nondestructive test techniques to the point where lightweight,

reliable sensors may be permanently attached to the Tug (iffeasible)to exploit the

condition monitored maintenance (CMM) concept. To determine alternates to repeated

proof tests and complete exercising of subsystems to verify performance.

REQUIRED RESOURCES: This is a two year effort with $200k to be expended over

that period. The end result would be a list of desirable maintenance instrumentation,

some of which might require further development.

APPLICABLE PROGRAMS: All

TITLE: CHECKOUT TECHNIQUES APPLICABLE TO REDUNDANT COMPONENTS

STATUS: Current built-in test equipment (BITE) usually requires externally introduced

or simulated faults to verify operation of all channels. Testing of rotors and other

critical elements is time consuming and the test equipment and signal injection equip-

ment degrades reliability.

JUSTIFICATION: Tug will contain a large number of redundant subsystems, probably

reconfigurable by computer control. Checkout techniques for this type of complex

system needs improvement to allow checkout to be accomplished swiftly and with high

confidence.

OBJECTIVES: To develop checkout techniques applicable to a complex system with

many redundant components reconfigurable under software control. Determine

whether current BITE equipment is adequate or additional equipment is required.

Determine the optimum checkout complex configuration for a Tug type vehicle.

RESOURCES REQUIRED: This task will require $200k to be spent over an 18-month

time period.

APPLICABLE PROGRAMS: All
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SECTION 3

ADDITIONAL ANALYSES

As a result of questions and issues raised at the data dump some more detailed analy-

ses were conducted in certain areas. This section summarizes the results of three of

the more significant analyses. These are development schedule optimization, safe

Tug retrieval, and abort.

3.1 DEVELOPMENT SCHEDULE OPTIMIZATION

The IOC variation considered for each of the programs as previously discussed in Sec-

tion 2.4 covered only the funding spread impact assuming a constant DDT& E cost.

The issue was raised regarding whether or not there was an optimum development

time in terms of DDT&E costs.

An analysis of the effect of development time span was performed for Program 1 con-

sidering the detailed program tasks and schedules. The DDT&E cost as a function of

development time span is shown in Figure 3-1. It is seen that there is an optimum

point for Program 1 that occurs about 63 months after ATP. The baseline program,

which has a development span of 51 months, has a $15 million higher DDT&E. The in-

crease in DDT& E costs as the schedule is compressed beyond the optimum point re-

sults from such things as the requirement for more two-shift operations and additional

hardware to support parallel testing. As the development span is increased beyond the

optimum, the cost tends to increase due to the necessity of maintaining a sustaining
effort in certain areas.
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Figure 3-1. Program 1 DDT&E Cost Versus IOC
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The funding spread characteristics for several development time spans are shown in

Figure 3-2. A one-year extension from the baseline has a large impact on peak fund-

ing. However, a two-year extension gives only a slightlygreater funding improve-

ment and further extensions show littleimprovement.

Although the analysis was conducted for Program 1, it is expected that both Program

2 and 3 would also show an optimum development span in terms of DDT& E cost.

3.2 SAFE TUG RETRIEVAL

A detailed analysis of the Tug/Orbiter retrieval operation was performed to determine

the safety considerations of this operation. The operations from the time the Tug is

in its rendezvous orbit until it is safe inside the Orbiter bay were analyzed to deter-

mine the most desirable sequence of events and corresponding Tug subsystem status

during these events. This sequence of events was then subjected to a detailed hazard

analysis to identify the major hazards associated with each operation and to identify

suitable design features or sequence of events changes that will eliminate each hazard.

These results were then compared to the Program 2 Tug vehicle to determine any

changes or additions required. The results are applicable to Program i and 3 as well.

3.2.1 OPERATIONS ANALYSIS FOR TUG/ORBITER DOCKING. An operations analy-

sis defining the functional requirements for getting the Tug back into the Orbiter was

performed. The results are summarized as the sequence of events and corresponding

subsystem activation status shown in Table 3-1. The analysis was started with the

BASELINE IOC
ONE YEAR EXTENSION

100 - . ............ TWO YEAR EXTENSION
...... THREE YEAR EXTENSION

80-

20 j]

Figure 3-2. Program 1 Annual Funding Versus IOC
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Table 3-1. Tug/Orbiter DockingSequenceof Events

EVENT SEQUENCE

INITIAL CONDITION -TUG IN RENDEZVOUS ORBIT -

ORBITER MOVED WITHIN DOCKING REGION

1. ORBITER ESTABLISH COMMUNICATION LINK WITH TUG

2. TRANSFER TUG FLIGHT CONTROL TO 0 RBITER

3. SAFE MAIN PROPELLANT LINES

4. VERIFY TUG SAFE FOR DOCKING

5. ORBITER READY CARGO BAY AND MANIPULATOR

6. COMMAND TUG TO PREFERREO DOCKING ATTITUDE

7. ORBITER MANEUVER TO FINAL DOCKING STATION

8. INHIBIT TUG APS TH RUSTE RS

9. ATTACH MANIPULATOR TO TUG

10. RETRACT TUG TO CARGO BAY

11. MATE AND LATCH TUG TO ADAPTER

12. CONNECT UMglLICALS

13. ROTATE INTO CARGO BAY AND LATCH FORWARD STRUCTURAL SUPPORT

14. SHUT DOWN GN&C ANO COMMUNICATION

15. SWITCH TO ORBITER POWER, SHUT DOWN FUEL CELL

16. DUMP MAIN PROPELLANT RESIDUALS THROUGH ABORT DUMP SYSTEM

17. PURGE LH2TANKWlTH HELIUM

18. PRESSURIZE MAIN PROPELLANT TANKS AND LINES WITH HELIUM

TUG SUBSYS']

¢:3

¢5

I
i

i
I

AI

Tug in the nominal 170-n. mi. retrieval orbit and the Orb ter in the same orbit at a

safe distance. The first required event is for the Orbiter to establish a communica-

tions link with the Tug. The sequence then defines the events through completion of

event 18 when the Tug is ready for reentry.

The communication link established between the Tug and Orbiter is dual redundant to

provide continuity of Tug control. Control of the Tug by the Orbiter allows the mis-

sion specialist to override and control the Tug subsystems using the Tug monitor and

control system (TMACS). Transfer of Tug flight control to the mission specialist al-

lows continuation of the Tug position hold mode with a capability of manual override to

move the Tug.

The main propellant lines are safed by closing the tank outlet valves and venting the

lines through the main engine valves. The ACPS position hold mode will be used to

counter the forces produced by this venting. This activity is carried out at a safe dis-

tance from the Orbiter; the Orbiter can now move closer. The Tug is statused using

the TMACS and visually inspected to assure it is safe for docking. The Orbiter ma-

nipulator arm and cargo bay are readied for docking. The Tug is placed in the proper

docking attitude using the TMACS, and the Orbiter is then maneuvered into final dock-

ing position with the manipulator arm placed near the Tug attach point. The Tug ACPS

is inhibited from firing, followed directly by manipulator attachment to the Tug. The
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Tug is slowly retracted into the cargo bay by the manipulator arm and lined up with
the Tug adapter, which is rotated to its deploy position. Following mating and latching
of the Tug to the adapter, the umbilicals are connected. At any time up to this point
the Tug canbe released and maneuveredby its ACPSthrough the TMACS. The Tug is
rotated into its normal stored position andthe forward attachment link is engaged.
GN&C, communications, and fuel cells are now shut downandthe Tug is transferred
to Orbiter power. The main propellants residuals are dumpedthrough the abort dump
system, followed by a purge of the LH2 tank andpressurization of the main propellant
tanks and lines by helium stored on the Shuttle-mounted adapter.

3.2.2 TUG/ORBITER RETRIEVAL HAZARD ANALYSIS. An expanded hazard analy-

sis of the retrieval operations was conducted to identify the major hazards associated

with Tug/Orbiter retrieval operations, .and identify suitable design features, proce-

dures, and operational constraints that will serve to eliminate or control each of the

identified hazards. The hazards analysis results are summarized in Table 3-2.

Each hazard is classified according to NASA Specification NHB 5300.4 (ID). The

"Hazard Severity" column refers to the consequences of the hazard if it should occur.

The "Resulting Hazard Level" column refers to the hazard level once the appropriate

design, procedural, etc. controls have been implemented. The hazard levels and the

corresponding hazard categories as defined in 5300.4 (ID) are described in Section

2.5.1. The "Hazard Resolution/Control Actions" column contains the designs, proce-

dures, operational constraints, etc. required to eliminate or control the hazard. The

"Constraints/Impacts" column identifies those organizations that are influenced by,
and must implement, hazard controls.

As indicated in the hazard analysis, each of the identified hazards associated with

Tug/Orbiter retrieval has suitable controls incorporated in the Tug or Orbiter that

eliminate or minimize the hazard. This analysis must, of course, be continually up-

dated to reflect increased depth of design/operational data for both the Tug and the
Orbiter.

3.3 ABORT

The Space Shuttle has a requirement of intact abort. There are several abort modes

depending on the time in the mission when abort occurs. These modes are indicated

in Table 3-3. The first abort mode is the Return to Launch Site (RTLS) mode which

starts at solid rocket booster (SRB) staging. For abort prior to SRB staging the Shuttle

continues under power until SRB staging and then initiates the RLTS abort mode.

The RTLS mode involves an attitude change by the Shuttle such that the main engine

thrust is used to decelerate the vehicle in the down range direction. After the down

range velocity reaches zero, the Shuttle is accelerated to a velocity from which it
can glide to the launch site.
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Table 3-2. Tug Retrieval Hazards Analysis

Event

No. Hazard

Tug enters collision course

with Orbiter at Tug return

due to Tug guidance naviga-

tion error or human error.

Failure to establish com-

munication can result in: (1)

inability of crew to obtain

control of safety critical

functions (2) inability of crew

to status Tug safety critical

equipment.

Inability of Orbiter crew to

obtain control of Tug flight

control system will result in

inability to command Tug to

preferred docking attitude

and inability to override Tug

unprogrammed motion.

Inadvertent activation of main

propulsion system while Tug

is in vicinity of Orbiter or in

payload bay.

Status of unexpended pyro-

technics, hazardous payloads

and safety critical compo-

nents.

Contamination of Orbiter due

to Tug dumped ACPS propel-

lants.

Tug/Orbiter collision (due to

failed Tug ACPS, failed Tug

data management, failed Tug

guidance).

Hazard

Severity

CA

(Tug)

CA

(Orbiter)

CA

(Tug)

CN

(Orbiter)

CA

(Tug)

CA

(Orbiter)

CA

(Tug)

CA

(Orbiter)

CA

(Tug)

CA

(Orbiter)

CR

CA

(Tug)

CA

(Orbiter)

Hazard Resolution/

Control Actions

Tug return profile places Tug

in an orbit _ 1/2 mile above

that of Orbiter. Tug has dual

communications links to en-

sure safe remote Tug engine

shutdown capability.

Tug design Incorporates dual

redundant communication

links, either of which will al-

low the Orbiter crew to sta-

tus the Tug and to obtain con-

trol of safety critical

functions.

Tug design incorporates tri-

ple data management sys-

tems, dual IMUs, fail opera-

tional/fail safe ACPS and dual

communication links. This

design provides a backup for

all safety critical command

and control functions.

Tank outlet valves, in series

with the _nain engine valves,

are closed via rf link. Main

engine valves are then se-

quentially opened to vent the

main propellant lines.

Dual redundant communica-

tions used. All safety criti-

cal components statused prior

to approach to Tug. Ade-

quacy of ACPS propellant

quantity verified.

ACPS propellants are not

dumped.

Tug ACPS incorporates dual

redundant astrionics system

and propellant isolation

valves that are controlled by

the Orbiter crew via rf link.

ACPS is fail operational/fail

safe.

Con-

straints/

Impacts

Design/

Orbiter/

Opera-

tions

Design

Design

Design/

Opera-

tions

Design

Design/

Opera-

tions

Design,

Opera-

tions

Resulting

Hazard

Level

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

CN

CN

(Tug)

CN

(Orbiter)
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Table 3-2. Tug Retrieval Hazards Analysis, Contd

Event

No.

10

11

11

13

Hazard

Tug perturbation due to

plume impingement from Or-

biter RCS thruster could

cause rotation of Tug into

Orbiter during critical re-

trieval maneuver.

Tug/Orbiter collision. Due

to energy imparted tc Tug

from propellant venting.

If ACPS is not inhibited until

after manipulator engage-

ment, Orbiter and Tug ACPS

may begin to "fight" each

other.

Puncture of a main propellant

tank with the manipulator

arm can cause loss of Tug.

Puncture of a high pressure

bottle can cause damage to

the Orbiter.

Damage to manipulator and/

or Orbiter due to use of ma-

nipulator to accelerate Tug at

excessive rates.

Inability to engage Tug latch-

es/umbilicals will result in a

potentially hazardous s itua-

tion as there will be no moni-

toring and override control of

Tug safety critical functions.

High voltage arcing/burning

at electrical disconnects

could preclude reeonnection.

Failure of retraction mecha-

nism to rotate Tug/adapter

to stowed position resulting

in inability to close payload

bay doors.

Hazard

Severity

CA

(Tug)

CA

(Orbiter)

CR

CR

(Tug)

CR

(Orbiter)

{

CA

(Tug)

CA

(Orbiter)

CA

(Tug)

CA

(Orbiter)

CA

(Tug)

CA

(Orbiter)

CA

(Tug)

CN

(Orbiter)

CA

(Tug)

CA

(Orbiter)

Hazard Resolution/

Control Actions

Tug ACPS system will remain

activated until just prior to

manipulator engagement.

Tug ACPS will have the capa-

bility of holding the Tug in a

steady attitude.

All the Tug vents are nonpro-

pulsive. Any rainor pertur-

bations due to venting will be

cancelled by action of ACPS.

Tug ACPS is inhibited just

prior to engagement by Or-

biter manipulator, Dual

communication links are used

to assure receipt of ACPS in-

hibit command.

Tug will incorporate a rein-

forced buffer shield around

the manipulator attachment

area. The Tug bottles are

located in the protected in-

tertank area.

Retraction of Tug into pay-

load bay must be done very

slowly. It may be necessary

to employ a rate limiter on

the manipulator.

Redundant electrical power

sources are used to operate

Tug/Adapter latches. Addi-

tionally, manual latch and

umbilical engagement capa-

bility is available if normal

latching is unsuccessful.

No high voltage will be pres-

ent at Tug/Orbiter umbilicals

during docking.

Retraction mechanism com-

mand and contral Is dual re-

dundant. Both Tug and

adapter can also be remotely

or manually disengaged from

Orbiter.

C on-

straints/

Impacts

Design/

Orbiter/

Opera-

tions

Design/

Orbiter/

Opera-

tions

Design,

Orbiter

Design/

Opera-

tions

Orbiter

Orbiter,

Opera-

tions

Design/

Orbiter

Design

Des ign,

Opera-

tions

Resulting

Hazard

Level

CN

(Tug)

CN

(Orbiter)

CN

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

OPEN

(Requires

Orbiter

action)

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

CA

(Tug)

CN

(Orbiter)
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Table 3-2. Tug Retrieval Hazards Analysis, Contd

Event

No.

13

14

15

16

17

18

Hazard

Tug/payload instability due to

failure of forward attachment

link to engage.

Loss of Tug power due to in-

ability to shift to Orbiter

power will result in loss of

capability to perform safety

critical monitoring and over-

ride functions.

Failure to achieve dump of

residual main propellants

will not, in itself, present a

hazard to the Orbiter or Tug.

It is, however, considered to

be good safety practice to

dump the residuals and to use

the abort helium to purge the

hydrogen tank.

Main propellant tanks/lines

that are emptied must be re-

pressurized prior to entry to

preclude crushing.

Hazard

Severity

CA

(Tug)

CA

(Orbiter)

CA

(Tug)

CA

(Orbiter)

CR

(Orbiter)

CA

(Tug)

CA

(Orbiter)

Hazard Resolution/

Control Actions

Forward attachment link can

be engaged manually (EVA).

If this is unsuccessful, it

may be necessary to jettison

the Tug/payload prior to Or-

biter return.

Emergency battery on the

adapter can be used to supply

power for all Tug safety crit-

ical functions during return

flight.

Series/parallel dump valves

are used to assure dump ca-

pability for both propellant

tanks. This arrangement

also assures that dump lines

can be reclosed prior to

purging and entry operations.

The abort helium system is

used to purge the hydrogen

tank and'lines. Both hydro-

gen and oxygen tanks and

lines are then pressurized

with helium to approximately

I 20 psi (14061 kg/m2).

Con-

straints/

Impacts

Design/

Orbiter

Design,

Opera-

tions,

Orbiter

Design,

Orbiter

Design,

Opera-

tions

Resulting

Hazard

Level

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

CN

(Tug)

CN

(Orbiter)

Table 3-3. Shuttle Abort Modes

ABORT MODE

MODE LIMITS MIN SSME MIN OMS

TIME FROM LAUNCH BURN TIME BURN TIME

(SEC) (SEC) (SEC)

O-g

TIME

(SEC)

RETURN TO LAUNCH SITE (RTLS)

ABORT ONCE AROUND (AOA)

ABORT TO ORBIT (ATO)

ABORT FROM ORBIT (AFO)

125-240 325 - -

220400 105 100 3720

247-306 235 240 15000

- - 120 24000
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The Tug has a requirement that it not preclude the Shuttle from intact abort. The

major abort issue with respect to the Tug is what to do with the Tug propellants. The

basic options are either to land with full propellant tanks or to dump propellant. Dump-

ing options include dumping all or part of both propellants. Landing with propellants

requires a horizontal vent capability and some additional structural weight in the case

of landing with LO 2. When landing with either or both propellants there is the additional

option of ei ther draining the propellants or allowing them to boil off. Propellant drain-

ing on the ground requires the addition of horizontal drain capability.

Analyses conducted subsequent to the data dump showed that the least weight penalty

for abort was associated with inflight LO 2 dump and landing with H 2 which was then

allowed to boiloff. Draining the LH 2 after landing increases the weight penalty. Land-

ing with LO 2 increases the weight penalty even more. Dumping both propellants inflight

had the highest weight penalty.

Inflight dumping of both propellants was selected, however, since it was the most con-

servative and it is believed to be the best from operational and safety considerations.

The critical abort mode for propellant dump is the RTLS mode since it has the minimum

time available prior to landing. This section will discuss the results of the abort dump

analyses.

3.3.1 REQUIREMENTS.

propellant dump analyses.
The following requirements were imposed in conducting the

a. Orbiter safety must not be degraded.

b. During Orbiter atmospheric glide the cg of the Tug and its payload must be within

the prescribed Orbiter envelope. (See Figures 2-63 and 2-76. )

c. Avoid combustion of dumped propellants outside the Orbiter m constrains LH 2

dump to altitudes above 110,000 feet.

d. Avoid hazardous contamination of the payload bay and other Orbiter compartments

by reingestion of dumped propellants.

The cg requirement dictated that over 50% of the LO 2 be dumped prior to initiation of

atmospheric glide. This fact plus the weight penalties associated with the plumbing

required to handle the unfavorable propellant orientations during atmospheric glide

were the basis for a decision to dump under powered flight. Dumping during SSME

powered flight for the critical RTLS abort mode allows use of the normal fill and drain

plumbing, appropriately oversized to meet the dump time constraints.

3.3.2 ABORT DUMP TIME. The abort dump analysis was made for the worst case

(last abort opportunity) RTLS abort profile shown in Figure 3-3. With the Orbiter

"flying backwards," dumped propellant could enshroud the vehicle (along with SSME

exhaust gases) and infiltrate into the payload bay and other Orbiter compartments.
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100
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T = 247 SEC.

V = 8,300 FPS
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T = 340 SEC.

V = 5,550 FPS
q=0

p_0

ROTATE COMPLETE _VT = 265 SEC.

V = 8,250 FPS
q = 0.0134 PSF -- . DOWNRANGE

p = 0.000002 PSIA ] T = 470 SEC.
/ V = 1,300 FPS

=0.00003PSlA

URNOUT

T = 560 SEC.

V = 6,900 FPS
q = 35.25 PSF

1 1 I Ip=0.0085PS=AI
20O 300

DISTANCE DOWNRANGE (N.MI.)

400

Figure 3-3. RTLS Abort Trajectory

Figure 3-4 defines the combustibility limits for H2-O 2 mixture at low pressures

(from Reference 1). No mixture will ignite at pressures below 0.1 psia (14.4 psia)

and mixtures leaner than 7% H 2 by volume would not ignite at up to 1.0 psia. A worse

case analysis using the assumptions of Table 3-4 was made to assess the magnitude of

the H 2 contamination problem. The results are shown in Figure 3-5.

Combustible mixtures can be avoided in all Orbiter compartments by completing dump

in approximately 260 seconds, where the altitude is 220,000 feet. To preclude all

possibility of any degree of H 2 contamination, Orbiter compartments could be purged

with helium. Figure 3-6 shows the results of a worst case analysis of helium pres-

surization requirements for the payload bay, assuming pressurization during the en-

tire dump period. If the dump is limited to 270 seconds, helium required is 4 pounds

and helium system weight is 50 pounds.

Simultaneous dump of LH 2 and LO 2 is not a problem at altitudes above 110,000 ft

(33.5 kin) since with a 300 in. (762 era) dump port separation distance the pressure at

the intersection of the dump plumes is less than 0.1 psia (0.69 kN/m 2) and will not

support combustion as indicated in Figure 3-4.

The selected dump approach for the RTLS abort mode was simultaneous dump of both

propellants in 250 seconds. This precludes a hazardous H 2 concentration in the pay-

load bay and would be compatible with a relatively low weight payload bay pressuriza-
tion if introduced at a later date.
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Table 3-4. Assumptions for Payload Bay Contamination Analysis
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ADIABATIC MIXED TEMPERATURE ASSUMED
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H2 CONCENTRATION THRESHOLD FOB IGNITION 1.6%BY WEIGHT AT 0.1 PSIA
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3.3.3 DUMP SYSTEM SIZING. The dump system configuration, including a portion

assumed for the Orbiter, is shown in Figure 3-7. Quad redundant dump valves are

provided to meet Orbiter safety requirements. A study was made to determine the

optimum combination of line diameter and tank dump pressure for LO2 and LH 2 for

the selected 250-second dump time. Results are summarized in Figures 3-8 and 3-9.

Both the total weight and total effective Tug weight [Tug weight plus adapter weight

(0. 137)] are lowest at the lowest practicable tank pressures. Characteristics of the

selected dump systems are summarized in Table 3-5.

TUG _ / ADAPTER

/ I _"II- \ I \"O'N'FOAMI
/ / " I

T_tI.GL HILF_&D // 0,5 IlL FOAM / \AOAPTER

AND DUMP LINE" INSULATION/ BUMP LINES
(TYPICAL) !

Figure 3-7. Dump System Configuration
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3.3.4 LOW THRUST/WEIGHT DUMPING. The dump system was sized for the most

critical RTLS abort mode as described in the previous section. It must be compatible

with the other abort modes defined in Table 3-3. From Table 3-3 it can be seen that

all of the other abort modes may require dumping after SSME operation is complete,

since the minimum SSME burn times are less than the required 250-second dump time.

Other thrust sources, i.e., OMS, RCS, or dump thrust, yield low F/W, which has two

major effects on dump system performance: dump flow rate is reduced since acceler-

at-ion head pressure is lower, and residuals are higher because lower F/W causes drop-

out (pullthrough) at higher liquid levels.

Table 3-5. Characteristics of Selected

Dump Systems

L02 LH 2

DUMP TIME (SEC) 250

TANK PRESSURE (PSIA) 20

LINE DIAMETER (IN.) 5.34

WEIGHTS, LB (KG)

TUG LINE 116.7

ADAPTER LINE 145.9

HELIUM 11.0

HELIUM SYSTEM 128.2

TANKAWEIGHT 16.1

TOTAL

250

20

6.65

151.0

203.6

37.2

433.4

36.8

417.9 (189.6) 862.0 (391)

times are reasonable at this F/W, but residuals are high.

duced by completing the dump under OMS thrust.

Table 3-6 summarizes dump system per-

formance at all available acceleration

levels. Dump times are substantially

longer, especially LO 2, and residuals are

higher for the low thrust modes. LO 2

dump times are in general longer than the

sum of avatlable OMS (100 sec) and ACPS

(462 sec) operation times, which means

that thrust must be obtained from the

dumped propellants to achieve 100% dump.

Thrust from the dumped propellants aver-

ages 600 pounds and 450 pounds for LH2

and LO2, respectively, giving a F/W of

0. 0043g if dump ports face aft. Dump

The residuals can be re-
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3.3.5 SUMMARY OF DUMP SYSTEM PERFORMANCE FOR SELECTED MODES OF

OPERATION. Dump system performance for all abort modes is summarized in Table

3-7. The design mode is RTLS, as discussed in Section 3.3.3. When AOA and ATO

aborts occur earlier than 295 seconds, propellants are dumped under SSME accelera-

tion, just as in RTLS. For later aborts, dumping is delayed until after SSME shut-

down and ET staging, initiating dump under either OMS or ACPS thrust, and complet-

ing dump under OMS thrust (last 15 seconds). Thrust produced by the dumped

propellants is used during middle of the burn.

Table 3-6. Abort Dump Performance at Available Acceleration Levels

THRUST FROM MODE F/W

SSME RTLS 2.25(1)

OMS OTHER 0.0517

RCS OTHER 02172(2)

DUMP OTHER 0.0043

DUMPTIME(3)

(SEC)

LO2 LH2

250 250

673 307
713 309

723 310

PULLTHROUGH

RESIDUALS (LB)

L02 LH2

46 9

106 87

269 141

540 240

(1) AT END OF NORMAL ABORT DUMP

(2) FOUR THRUSTERS

(3) 100 PERCENTDUMP

Table 3-7. Summary of Abort System Performance in All Abort Modes

TIME FROM DUMPTIME
LAUNCH (SEC)

MODE (SEC) SETTLING BY L02 LH2

RT LS

AOA

ATO

AFO

ALL SSME 250 250

220-295 SSME 250 250

295-400 OMS/DU MP/O MS 715 307

247-295 SSME 250 250

295-306 RCS/D UMP/O MS 715 307

- RCS/D UMP/O MS 715 307
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SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 ASSESSMENT

The Space Tug Systems Study has provided a broad data base of information regarding

cryogenic Tugs. The data has been generated in a systematic manner starting with

mission and payload requirements, which were converted into subsystem requirements.

The subsystem requirements supported an analysis of various subsystem candidates

leading to subsystem recommendations for configuration analysis. A large number of

configuration concepts incorporating all of the recommended subsystems were analyzed.

The results of these initial configuration definition analyses indicated what combinations

of subsystems best met certain criteria such as cost and performance. Finally, more

detailed program definitions were prepared on these programs.

The study results should be useful in support of future Tug activities in two ways. The

subsystem data (Reference 4) and initial program definition data (Reference 5) will be

quite significant in supporting future Tug design efforts since they provide good subsys-

tem descriptions and also show the effects of incorporating these subsystems into con-

figurations/programs. These data can be used as a basis for generating new Tug con-

figurations to satisfy new requirements that may arise.

The detailed program definitions in Reference 6 provide baseline systems/programs

that can be used in support of other activities such as interface studies and supporting

research and technology. The program requirements for the three final programs are

summarized in Figure 4-1 along with the design solution.

The emphasis in Program 1 was on minimum DDT_E cost. The selected configuration

uses conventional structure and an existing engine. To minimize costs, maximum use

has been made of Centaur components such as astrionics and engine support components.

The emphasis in I>rogram 2 was more on total program cost effectiveness, which is

reflected in the higher performance requirement. The increased performance was

obtained by using a RL-10 Cat riB engine, a composite sandwich shell, and more ad-
vanced astrionics.

Program 3 is a phased program in which the emphasis for the initial vehicle is on

minimizing DDT&E cost while for the final vehicle the emphasis is more on low total

program cost. The major configuration phasing in this program is from a low cost

astrionics system to an advanced lightweight system with rendezvous and docking

capability.
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PROGRAM 1

• ->3,500 LB. PLACEMENT
TO SYNCHRONOUS EQUATORIAL

• NO PAYLOAD RETRIEVAL

• MINIMUM DDT&E

• IOC DEC. 1979

;,S ,N-STRINGE.\ CATEOOR,.
.... ENGINE

AI TANKS / MAJOR EMPHASIS
ON USE OF CENTAUR/
SHUTTLE COMPONENTS

PROGRAM 2

• ->3,500 LB. RETRIEVAL
FROM SYNCHRONOUS EQUATORIAL

• LOW DDT&E/TOTAL PROGRAM
COS T EFFECTIVENESS

• IOC DEC. 1983

COMPOSITE SANDWICH
BODY STRUCTURE CATEGORY liB

ADVANCED _'_.q i +___y_/.GINE

ASTRIONICS_ /i " ,, , .J _..

PROGRAM 3

• PHASED

INITIAL -- z3,500 LB. PLACEMENT
IOC DEC. 1979

FINAL -- >-2,200 LB. RETRIEVAL
IOC DEC. 1983
LOW TOTAL PROGRAM COST

AI SKIN_STRINGERx CATEGORY I

SHELL _ ENGINE

/

AI TANKS_ PHASE ASTRIONICS
SYSTEM

Figure 4-1. Program Definition Options

Table 4-1 summarizes the payload and cost data for the three programs. The develop-

ment cost and peak year funding data are consistent and can be compared. The total Tug

program cost and total operations cost per payload cannot be compared since the IOC

dates are different and the mission models are different. The parameter of total opera-

tions cost per payload is less than the Shuttle launch cost because of the multi-deployment
capability.

A single recommended configuration can not be selected from these programs since they

represent only three of the various upper stage development approaches that were being

considered concurrently with the cryogenic Space Tug Systems Study. It is felt that to

the Phase A study level these three configurations represent the best solutions to the

given program requirements they were to meet.

4.2 LIMITATIONS

As in any study there are certain limitations on the study results and conclusions. These

limitations must be recognized when using the study data.

The most significant limitations imposed on the study were the various mission/payload

models provided by the government. These are significant since they drive the per-

formance requirements and geometry in the case of excess payload length, which can

have a significant effect on design and cost. For example, none of the mission/payload

models showed any significant advantage for advanced engines. Future mission model

4-2



Table 4-1. Summary Program Characteristics

PROGRAM1

PROGRAM2

PROGRAM3

INITIAL

FINAL

PAYLOAD,LB(KG)

5352(2428)
(DEP)

5204(2361)
(RED

5183(2351)
(DEP)

2514(I140)
(RET)

DDT&E

193

291

COSTS($ MILLIONS)

TOTALTUG
PROGRAM

597

TOTALOPS.•
COST/PL

?.3

6.3

2]5

48

/16

EACHPROGRAMHASA DIFFERENTMISSION MODEL

"I NCLUDESSHUTI'LELAUNCHCOSTAT$10.5-M

390

PEAK-YEAR
FUNDING

89(77)

]45(8D

103 (78)

66(85)

revisions with henvier or higher energy payloads could show a need for an advanced

engine.

A second significant limitation was the available Shuttle interface information applicable

to the physical, functional, and operational Tug/Shuttle interface analyses. In some

areas such as operations this data was poorly defined and in other areas it was under-

going change.

These are the major limitations on the study results. As additional or revised data be-

comes available in these areas the study results and conclusions should be reexamined.

4.3 CONCLUSIONS

The study has yielded general conclusions applicable to cryogenic Tugs and certain

program conclusions. The general conclusions will be discussed first.

a. Cryogenic Tugs can be made safe by designing-in safety features, the most important

of which is the use of purge bags to isolate the tanks and lines.

b. High performance is inherent with cryogenic Tugs, using engines based on present

day technology (i. e., RL-10 Cat I engine). This inherent high performance pro-

duces a number of benefits. There are no performance-related requirements that

drive towards advanced state-of-the-art subsystems. The high performance afforded

by the engine allows the use of other existing technology subsystems, and also allows
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the implementation of redundancywithout dropping the performance below the desired
level. The high performance also provides a performance margin for both the Tug and
the Shuttle.

Co

do

e_

The high performance gives significant multipayload _nission capability, which

reduces the operations cost per payload and yields a good potential for payload

effects benefits.

The operational complexity of cryogenic Tugs is relatively low since there are no

two- Tug operations.

A reliability of 0.97 yields the lowest total program cost when considering the cost

of attrition as well as the cost of implementing the reliability.

f. Level I autonomy yielded the lowest DDT_ .E and operations costs.

g.

h.

The use of advanced structures provides a high performance/cost ratio.

An integrated hydrogen/oxygen ACPS offers operational flexibility, but at a

significant cost and payload penalty.

The major conclusions regarding the three programs are.

a.

b.

co

The analyses of Program 1 have shown that a reusable cryogenic Tug with over

5000 lb (2268 kg) payload synchronous deploy capability can be developed for less

than $200M by making maximum use of Centaur and other existing components.

Development costs can also be reduced by modifying existing KSC facilities for use

in Tug maintenance and refurbishment rather than building new facilities.

The analyses of Program 2 have shown that a reusable cryogenic Tug with more

than 5000 lb (2268 kg) of synchronous retrieval payload capability can be developed

for approximately $300M. With the given mission model, advanced engines are

not justified on a total program cost basis. The Program 2 configuration has a

roundtrip capability of 2050 lb (930 kg) for a 14-day servicing mission.

The analyses of Program 3, which is a phased program, show that the initial vehicle

of a phased program should be sized for the final vehicle retrieval mission since it

is not cost effective to develop two different structures. The initial vehicle can be

developed for slightly over $200M with the phasing costs to the final vehicle ranging

from $48M to $100M depending on the final vehicle retrieval payload requirements.
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4.4 RECOMMENDATIONSFOR FURTHER STUDY

At this time it appears that the developmentof the Tug will be delayed for several years
since anAir Force developedinitial upper stagewill be used with the Shuttle for the
first few years. Evenwith a delay there are the following areas that should be studied
prior to a Tug PhaseB.

a. Shuttleand Payload Interfaces.

b. Mission/Payload Requirements.

c. Technologyand Design.

d. l>rogrammatics.

The area of interfaces, particularly Shuttle interfaces, is most critical since the Shuttle
and its half of the interfaces are being developedat the present time. In fact, the cur-
rent Orbiter schedule showsaAPDR (preliminary design review) in December 1974 at

which time it is the intent to define the Orbiter payload interfaces. With this schedule

it is important that Tug/Shuttle interface activities be conducted during calendar year

1974 to prevent either the Tug from being over constrained by prior developments or

the situation of having to remove Orbiters from operations for a Tug retrofit. Areas

to be covered should include operational as well as physical interfaces.

The payload interface problem should also be investigated since in the time period of

the next few years preliminary design and development of Shuttle upper stage payloads

will be initiated. Since many of these payloads will have to fly on both the initial upper

stage and the Tug it is important that the potential Tug interfaces be considered.

There is a third interface area that also should be studied. This is the area of payload

transition, which is concerned with the technical and programmatic issues involved in

payloads switching from expendable launch systems to the initial upper stage and then

to the Tug. Related to this is the possible problem of the need for a backup launch

capability for some payloads, e.g., national security payloads.

Tug missions and payloads are constantly being updated. Studies should be conducted to

convert the mission and payload model into updated Tug requirements. This is important

since it is possible that the Tug requirements might be changed sufficiently to require

different configuration concepts and supporting research and technology efforts.

The supporting research and technology areas that should be pursued in support of these

programs defined in this study have been described in Section 2.6. These technology

items should be studied on a schedule that would allow the incorporation of the results

into the Phase B Tug studies. In addition to these major technology areas there are

other areas listed below where, if possible, the laboratories concerned should pursue

activities.



a. Maintenanceandrefurbishment instrumentation andtechniques.

b. Lightweight inertial measurementunit.

c. Horizon sensor improvement.

d. Zero-g vent devices.

e. Feedduct thermal protection.

f. Electromechanical TVC approaches.

g. Operational software development.

h. Payloadretrieval techniques.

Finally, it is felt that it is important to maintain a technical andprogrammatic base-
line Tug. A baseline is required to support the interface studies, support impact
analyses of mission/payload requirements, andprovide a basis for the supporting tech-
nology studies.

4.5 RECOMMENDATIONSFOR PHASEB EFFORT

A PhaseB study is generally considered as a definition phase. The output includes the
configuration definition, the programmatic definition, andthe costs in sufficient depth
to allow the government to make decisions regarding proceeding into development. The
initial period of a Phase B study usually consists of converting requirements into a
baseline andthen performing trade studies. The results of the trade studies are then
incorporated into a revised baseline for which the detailed definition is prepared. In
addition to accomplishing the more detailed analyses that are required in all areas
during a Phase B study, the following major trade studies shouldbe performed. Some
of these trades were performed during this study but shouldbe investigated again in more
depth during a PhaseB.

a. Load-bearing versus suspendedfuel tank.

b. Tug and adaptor structural concepts.

c. Determinate versus redundant support systems.

d. Actuation schemesfor deployment, latching, and docking.

e. High-performance, multilayer insulation concepts.

f. Guidanceupdateand alignment techniques.

g. On-board versus ground checkout.

h. Astrionics redundancymanagement.

i. Main engine optimization.
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j. Boost pumps versus two-phase pumping versus pressurized tanks.

k. Individual versus combined Tug and Orbiter maintenance facility.

1. Centralized versus separate maintenance facilities at each site.

m. Level of autonomy.

n. Flight operations support locations.

o. Payload rendezvous and docking.
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